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SOMMAIRE
Les polymeres repondant aux stimuli et leurs assemblages sous forme de micelles, de 
vesicules ou d’hydrogels, peuvent etre dissocies ou devenir relativement permeables des 
suites de l’application d’une excitation. Cette fonctionnalite stimuli-reponse les rend tres 
attrayants en tant que transporteurs ou comme vecteurs pour le relargage cible de 
medicaments. Elle permet de realiser la liberation controlee des charges utiles de ces 
systemes en utilisant, par exemple, la lumiere comme un declencheur permettant 
l'activation a distance, et le controle temporel de la liberation. Les travaux presentes dans 
cette these sont regroupes en deux parties. La premiere decrit la conception, la synthese et 
l'etude de nouveaux polymeres photosensibles formant des micelles, des vesicules et des 
hydrogels, ainsi que leur exploitation pour largage de molecules modelisant des agents 
therapeutiques (i.e., medicaments). La seconde partie porte sur une etude de l'utilisation 
d'un stimulus different, a savoir le dioxyde de carbone (CO2). Une approche generale 
basee sur l'utilisation de gaz afin de manipuler la transition structurale et morphologique 
des vesicules est decrite.
Le noyau de cette these est constitue de cinq publications issues de differents projets qui 
sont representatifs des travaux de recherche accomplis dans ces etudes de doctorat. Dans 
le premier projet, nous avons developpe une nouvelle strategic pour preparer des 
vesicules photo-degradables. La synthese d'un nouveau copolymere photosensible 
comprenant des unites spiropyranes et le controle des conditions de preparation a permis 
la preparation de vesicules cinetiquement stables a un pH eleve (pH = 8 ) en raison du 
caractere vitreux de la membrane. Lors d'irradiations UV, une dissociation rapide des 
vesicules a ete accomplie grace a une cascade d'evenements declenches par 
l'isomerisation photo-induite de la spiropyrane (neutre) en merocyanine (chargee) au sein 
de leur membrane.
Dans le second projet, nous avons demontre une nouvelle strategic pour moduler la 
permeabilite de la membrane des vesicules en exploitant une transition liquide-cristalline 
photo-induite afin d’accroitre le desordre au sein de la membrane. A cet effet, nous avons 
con9 u et synthetise deux series de copolymeres a blocs amphiphiles dont la sequence 
hydrophobe est un polymere liquide cristallin a chaine laterale portant une petite quantite 
de groupes azobenzene. Les deux copolymeres furent utilises pour preparer des vesicules 
geantes en solutions aqueuses, ce qui a permis leur observation directe par microscopie 
optique. De plus, une transition ordre-desordre photo-induite a ete observee a l'interieur 
de la membrane liquide cristalline des vesicules par microscopie a lumiere polarisee. 
Cette transition photo-induite a un effet assouplissant sur la membrane semblable a celle 
causee par de bons solvants organiques. En utilisant une sonde fluorescente, nous avons 
observe que cet accroissement de la souplesse de la membrane polymere causait 
l’augmentation de la permeabilite de la membrane a la diffusion de protons.
Dans le troisieme projet, nous avons demontre une solution possiblement universelle 
permettant de resoudre le probleme resultant de la necessite d ’utiliser une excitation 
lumineuse UV ou visible comme stimulus de nombreux materiaux photosensibles 
developpes pour des applications biomedicales. La strategic consiste a irradier 
indirectement des micelles de copolymeres photosensibles par le biais de la conversion 
ascendante de la proche infrarouge par des nanoparticules. Les photons UV emis par ces 
nanoparticules encapsulees a l ’interieur des micelles et irradiees en utilisant une diode 
laser a onde continue de 980nm sont absorbes par les groupes o-nitrobenzyle dont est 
constitue le copolymere photosensible, conduisant a l'activation de leur reaction de 
photo-clivage, a la dissociation des micelles et finalement, a la liberation de composes 
hydrophobes. L'idee d'utiliser la conversion ascendante issue de nanoparticules irradiees 
dans la proche infrarouge comme source lumineuse nanoscopique dans l’UV ou le visible 
pour activer des reactions photochimiques dans des materiaux photosensibles est d'une 
grande importance. La strategic est generate et peut etre appliquee a de nombreux
materiaux polymeres photosensibles dont le potentiel pour des applications biomedicales 
est presentement limite en raison de la faible penetration des rayonnements UV et visible 
dans les tissus.
Dans le quatrieme projet, nous avons etudie davantage la generalite de l'utilisation de la 
conversion ascendante par des nanoparticules afin de contoumer le probleme de longueur 
d'onde pour l ’activation de la plupart des systemes polymeres photosensibles. Nous avons 
ainsi etendu l'application de l'approche a des hydrogels photosensibles. Les 
nanoparticules ont ete chargees au sein d’un hydrogel dont la transition gel-sol necessite 
de la lumiere UV afin d ’induire la rupture de la structure du reseau. Sous irradiation a 
l’aide d’une diode laser a 980 nm, la transition gel-sol a ete stimulee par la lumiere 
ultraviolette emise par la conversion ascendante issue des nanoparticules. Cette 
« fonction » nous a permis de declencher, par irradiation dans l’inffarouge proche qui 
penetre beaucoup plus profondement dans les tissus biologique, la liberation « a la 
demande » de macromolecules biologiques (proteines et enzymes), inactives lorsque 
piegees dans l'hydrogel, en solution aqueuse ou leur activite est restauree.
Le demier projet porte sur l'utilisation du CO2 comme un declencheur intelligent pour 
activer une propriete ou une fonction specifique de polymeres dont la sensibilite a ce 
stimulus est programmee au sein de leur structure moleculaire. Nous avons propose une 
fa?on generate pour preparer des vesicules copolymeres sensibles au CO2 par l’inclusion 
d’un bloc hydrophobe de poly (N, N  -diethylaminoethylmethacrylate) (PDEAEMA) 
disponible commercialement et formant la membrane de la vesicule. On a montre que 
ces vesicules peuvent etre soit completement dissociees (lorsque le PDEAEMA n ’est 
pas reticule) ou encore subir une expansion de volume reversible atteignant 2 1 0 0 % 
(lorsque le PDEAEMA est faiblement reticule) en reponse a l'introduction de CO2 
dissout dans la solution de vesicules. Les changements radicaux induits par la 
modulation de la concentration du CO2 dissout sont sans precedent. Cette etude est une
nouvelle demonstration d ’une conception facilement accessible de polymeres dont la 
structure moleculaire est programmee pour repondre a cette modulation dans la 
concentration du CO2 dissout et ouvre des perspectives de valorisation du CO2 en 
sciences des materiaux et des polymeres.
ABSTRACT
Stimuli-responsive polymers and their assemblies, such as micelles, block copolymer 
(BCP) vesicles and hydrogels, can be dissociated or become relatively permeable upon 
excitation with a stimulus. This stimuli-responsive feature has made them very attractive 
carriers or vectors in drug delivery applications, since it is possible to realize controllable 
release of payloads from these systems by using, for example, light as a trigger enabling 
remote activation, and spatial and temporal control o f the release. The research work 
presented in this thesis consists o f two parts. The first part is focused on the design, 
synthesis and study of several novel photoresponsive polymers forming micelles, vesicles 
and hydrogels, as well as their exploitation for potential drug delivery applications. The 
second part concerns a study of the use o f a different stimulus, namely, dissolved carbon 
dioxide (C 02). A general approach of using dissolved gases to manipulate the structural 
and morphological transition of BCP vesicles is described.
The core of this thesis is five publications resulting from different projects that constitute 
the research work accomplished in our studies. In the first project, we developed a new 
strategy to prepare photo-dissociable BCP vesicles. By synthesizing a novel 
photoresponsive BCP with spiropyran and controlling the preparation conditions, a 
kinetically stable BCP vesicle was obtained at high pH (pH=8 ) due to the glassy 
membrane. Upon UV irradiation, fast BCP vesicle dissociation was achieved through a 
cascade of events triggered by the photoinduced isomerization from neutral spiropyran to 
charged merocyanine in the membrane.
In second project, we demonstrated a novel strategy to tune the permeability o f BCP 
vesicle membrane by taking advantage of the photoinduced liquid crystal (LC) 
order-disorder transition occurring inside the membrane. To this end, we designed and 
synthesized two series of amphiphilic BCPs of which the hydrophobic block is a 
side-chain liquid crystalline polymer bearing a small amount o f azobenzene groups. Both 
BCPs could form giant BCP vesicles in aqueous solutions, facilitating their direct 
observation by optical microscopy. From polarized optical measurement, it was found
that a photoinduced LC order-disorder transition could occur inside the vesicle 
membrane in aqueous solutions. This photoinduced transition has a softening effect on 
the membrane similar to that caused by good organic solvents. By using a fluorescent 
probe, we found that this photoinduced softening effect could increase the membrane 
permeability to proton diffusion.
In the third project, we demonstrated a possibly universal solution to solve the problem of 
requiring UV or visible light excitation to trigger the response of many photosensitive 
materials developed for biomedical applications. The strategy consists in disrupting 
photoresponsive BCP micelles by using near-infrared (NIR) light excitation of 
upconverting nanoparticles (UCNPs). By encapsulating UCNPs into micelles o f a 
photoresponsive BCP containing o-nitrobenzyl groups, UV photons emitted from UCNPs 
upon 980 nm NIR light excitation using a continuous-wave diode laser can be absorbed 
by o-nitrobenzyl groups in the micelle core, activating their photocleavage reaction and 
resulting in micelle dissociation and release o f co-loaded hydrophobic compounds. The 
idea of using UCNPs as a nanoscale UV or visible light source upon NIR light excitation 
to activate photoreactions in photosensitive materials is o f great significance. The strategy 
is general and can be applied to many photosensitive polymeric materials whose potential 
for biomedical applications is limited due to the wavelength issue.
In the fourth project, we further investigated the generality of using UCNPs to 
circumvent the wavelength problem of most photoresponsive polymer systems. We 
extended the application of the approach to photoresponsive hydrogels. UCNPs were 
loaded into a hydrogel whose gel-sol transition requires UV light-induced breaking of the 
network structure. Upon 980 nm laser irradiation, the gel-sol transition was achieved by 
UV light emitted from UCNPs. This feature allowed us to realize NIR light-triggered 
release of large, inactive biomacromolecules (protein and enzyme) entrapped in the 
hydrogel into aqueous solution “on demand”, where their bioactivity is recovered.
The last project dealt with the use o f C 0 2 as a smart trigger to switch a specific property 
or function of stimuli-responsive polymers. We put forward a general way to prepare
CCVresponsive BCP vesicles by using the commercially available 
poly(A/, N  ’,-diethylaminoethyl methacrylate) (PDEAEMA) as the hydrophobic block 
forming the vesicle membrane. We showed that vesicles can either be completely 
dissociated (with uncrosslinked PDEAEMA) or undergo reversible volume expansion up 
to 2100% (with slightly crosslinked PDEAEMA) upon introduction of the gas into the 
solution. The drastic changes induced by dissolved CO2 are unprecedented. This study is 
a new demonstration of designing easily accessible CCVresponsive polymers and opens 
perspectives for valorizing CO2 in polymer and material sciences.
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INTRODUCTION
Inspired by Nature, researchers have made great progress in devising and creating 
smart functional materials that can respond to external environmental changes (stimuli) in 
a controllable and predicable way. Among these materials, stimuli-responsive polymers 
are the most powerful and versatile ones due to their good stimuli-responsiveness, and 
also because they are easy to process and have excellent mechanical properties (1,2). 
Stimuli-responsive polymers are smart materials, which can adjust their properties in 
response to stimuli such as changes in temperature, pH or ion concentration, light or 
electrical field. Their ability to recognize a stimulus and make a corresponding response 
usually originates from inclusion of responsive elements or molecules. Take 
photo-responsive polymer as an example: upon exposure to light, photo-responsive 
elements (chromophores) at the molecular level first get activated and display some 
forms of response such as a change in geometry or polarity, which is then translated and 
amplified into macroscopic changes (3). Basically, the sensitivity o f a material to a 
stimulus is determined by the dynamics of the response elements at the molecular level 
and the resulting co-operative interactions in the materials, which control the outcome at 
the macroscopic level. These phenomena can happen on different time scales. Usually, 
materials at the micro/nano scales are more sensitive than their bulk analogues.
All of these behaviors intrinsically lend stimuli-responsive polymers to biomedical 
applications especially as drug delivery systems (DDSs). Consequently, many different 
kinds of stimuli-responsive polymeric DDSs based most often on thermo-, pH- and 
photo-sensitivity, have been developed after incorporating different stimuli-responsive 
polymers into the systems (4-8). Among all these stimuli, light has attracted much 
attention from researchers as a noninvasive stimulus source. It has several useful 
properties or advantages compared to other stimuli: it is clean and will not introduce any
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external contaminants to the system; it can achieve accurate control of photochemical or 
photophysical reactions at specific locations and time and travel long distances (spatial, 
temporal and remote control) (9). Because of these intrinsic advantages o f light, many 
photo-responsive DDSs have been developed such as polymeric micelles, polymeric 
vesicles (mainly block copolymer (BCP) vesicles), hydrogels (nanogels, microgels and 
bulk hydrogels), polymer brushes, polymer/inorganic hybrid systems, etc. New 
achievements continue to be reported frequently.
In this introduction, we restrict our attention to the relevant literature on 
photoresponsive polymer systems because most o f the work showed in this thesis is about 
them including micelles, BCP vesicles and polymer hydrogels. A brief summary of the 
photoresponsive agents widely used in photoresponsive systems is presented here. The 
following sections describe recent developments in photoresponsive drug delivery vectors, 
focusing mainly on three systems: polymer micelles, BCP vesicles and polymer 
hydrogels. In each section, the basic design for each system is first highlighted, followed 
by some typical examples.
1. Photoactive Agents
To constitute a photoresponsive polymeric DDS, photoactive agents such as organic 
chromophores or inorganic nanoparticles should be introduced into the polymer system. 
Upon irradiation with light, the optical signal is first captured by photoactive agents. 
Then, the optical energy is converted to energy of different forms. Through 
photoreactions such as photoswitching and photocaging, the optical signal can be 
converted into a chemical signal, which will control the final properties of 
photo-responsive DDSs. Also, it can be converted into heat, for example, through its 
interaction with metallic nanoparticles (such as gold nanoparticle through their surface 
plasmon resonance), and the generated heat can induce thermal changes in the systems.
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Depending on the spectral features o f the photoactive agents, activation at specific 
wavelengths may be required. Here, we will briefly overview photoactive agents often 
used in photo-responsive DDSs.
1.1. Review of Commonly Used Chromophores
In principle, chromophores can display two kinds o f photoreactions: photoswitching 
and photocaging. Photoswiching is a reversible photoreaction process. Upon exposure to 
light of different wavelengths, photoswitching chromophores can undergo a reversible 
structural change between two isomeric forms. These two isomers may have different 
properties such as molecular geometry, polarity, charge or propensity for 
absorption/fluorescence. Figure 1 shows chemical structures of commonly used 
photoswitching molecules. As one of the most studied photoswitching molecules, the 
azobenzene family (Figure la) displays a photo-isomerization between trans and cis 
isomers (10,11). Usually, /nmv-azobenzene is the thermodynamically stable isomer. It is 
highly symmetric and thus less polar and presents a rod-like shape, which favors 
formation of liquid crystalline phases. In contrast, the metastable c/s-azobenzenene 
isomer has an increased polarity and a bent molecular shape, which is unfavorable for 
liquid crystal formation. Upon irradiation with visible light or through thermal relaxation, 
it can convert back to the stable tram  state. Alternatively, UV irradiation of the 
spiropyran/spirooxazine (SP) molecules (Figure lb and lc) will induce an electro-cyclic 
ring-opening reaction, and result in the formation of an open merocyanine (MC) form 
(12,13). The MC form possesses an extended conjugation so it usually absorbs visible 
light and emits fluorescence. Also, due to charge separation, the MC isomer is more polar 
and more hydrophilic than SP. The whole process can be totally reverted by visible 
irradiation or occurs even in the dark. Diarylethenes are also used (Figure Id), as they can 
undergo a closed-open ring isomerization under light exposure at different wavelengths 
(14). The closed isomers are usually less stable and are colored due to the extended
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conjugation, whereas the open isomers are colorless compounds. Like the photoswitching 
molecules presented above, coumarin (Figure le) can also undergo a reversible 
photoreaction under light activation (9). Under UV irradiation, it can form a dimer 
through a photo-cycloaddition [2+2] reaction. The dimer can be reverted back to two 
separate coumarin chromophores through cleavage o f the cyclobutane ring binding 
dimers together by exposure to deep UV light ( < 3 1 0  nm). Photoreponsive polymer 
systems based on these photoswitching moieties have been extensively exploited since 
their discovery. Recently, a lot of novel and advanced photoreponsive DDSs have been 
developed. One big drawback for these systems is that these photoswitching 
chromophores all require high-energy light activation (UV or visible light), which is 
detrimental to healthy cells and tissues, and has a very low penetration depth due to 
scattering and absorption. Near-infrared (NIR) light can propagate through tissues with 
less attenuation compared to UV or visible light; furthermore, it is harmless to healthy
vis/heal
(t>) Spiropyran (^jT
vis/heat
(c) spirooxazines (T J
vis/heat
(d) diarylethene f
(e) coumarin
Figure 1. Chemical structures and photochemical reactions o f some commonly used 
photoswitching molecules: (a) azobenzene, (b) spiropyran, (c) spirooxazine, (d) 
diarylethene and (e) coumarin.
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tissues due to its low energy and low absorption by biological systems. Therefore, the 
ability to use NIR light excitation is highly desirable to provide a solution to the 
limitations imposed by the usual UV or visible light triggering o f most recent 
photoresponsive DDSs.
Photocaging refers to the temporary inactivation o f a therapeutically or biologically 
active molecule with a photosensitive protecting group. Through photocleavage or other 
photolysis processes, the active form can be recovered under irradiation.
(a) o-nitrobenzyl
(b) benzoin
OH O
UV
uv c i v o
(c) 7-nitroindoline
c o uv
(d) p-hydroxyphenacyl
HjN" .  C 0 2
> R
(e) (coumarin-4-yl) m ethyl derivatives
Figure 2. Chemical structures o f some typical photocaging molecules and related 
photoreactions: (a) o-nitrobenzyl, (b) benzoin, (c) 7-nitroindoline, (d) p-hydroxyphenacyl 
and (e) (coumarin-4-yl) methyl derivatives.
The o-nitrobenzyl group (Figure 2a) is one of the most studied photocleavable 
moieties and has been extensively exploited in biomedical applications due to its good 
biocompatibility (15-17). Through this photolabile group, many biomolecules such as 
drugs, proteins and DNA/RNA can be intentionally caged. Then a precisely controlled 
release can be achieved at a desired site and time by light irradiation. However, 
photocleavage of unsubstituted o-nitrobenzyl requires deep-UV/UV light, which greatly
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restricts its applications in vivo. Introduction of electro-donating groups onto the benzyl 
ring is a convenient method to increase the breadth of its absorption spectrum towards 
longer wavelengths. 3, 4-Dimethoxy-2-nitrobenzyl group is a typical example, whose 
activation wavelength can be extended up to around 400 nm. Another intriguing property 
of o-nitrobenzyl group is to achieve photocleavage by two-photon excitation. However, 
its two-photon excitation efficiency is quite low. Meanwhile, more photocagable moieties 
such as benzoin (Figure 2b), 7-nitroindoline (Figure 2c), p-hydroxyphenacyl (Figure 2d) 
and (coumarin-4-yl) methyl derivatives (Figure 2e) have been developed (18). All of 
them can be photocleaved upon UV or visible light irradiation. Some o f them, such as 
(coumarin-4-yl) methyl derivatives, have relatively large two-photon cross sections for 
activation by NIR light (19-21). However, most of these photocaging groups suffer from 
the same drawback as the photoswitchable chromophores previously described when they 
are used in DDS in vivo: high-energy UV or visible light activation is required. NIR light 
activation presents a very attractive alternative to resolve this problem. How to efficiently 
use NIR light, however, remains a big challenge because most chromophores are 
exceedingly difficult to activate using irradiation in the NIR region or have a low 
two-photon absorption cross-section. Recently, photo-excited inorganic nanoparticles, 
such as gold nanoparticles and upconverting nanoparticles (UCNPs), have increasingly 
been gaining attention. Based on different excitation mechanisms, they can effectively 
convert NIR light into energies of different forms. In the following sections, these two 
photo-excited inorganic nanoparticles will be briefly reviewed.
1.2. Gold Nanoparticles
Conduction electrons can travel with a minimal distance in a metal. When the frequency 
of irradiation matches the inherent frequency of surface electrons in the conductance 
band oscillating against the restoring force o f positive nuclei (a resonance condition is 
established), conduction electrons in a metal will be driven to collectively oscillate in
6
phase with the electrical field o f the electromagnetic wave (22). As the wave front of light 
impinges onto the metal surface, the electron density in the metal will be polarized at its 
surface and will oscillate in resonance with the frequency of the electromagnetic wave 
causing a standing wave. This surface plasmon resonance phenomenon is prominent in 
metallic nanoparticle systems due to the high surface-to-volume ratio. Among metallic 
nanoparticle systems, gold nanoparticles are extremely attractive for applications in DDS 
due to their good biocompatibility and strong response to light. Compared to the most 
commonly used organic dyes, gold nanoparticles can strongly absorb light as they display 
very high absorption coefficients (about 107-109M '1cm'1 for nanoparticle size from 5 nm 
to 40 nm).(9) This strong absorption displayed by gold nanoparticles leads to many 
applications in biological areas such as sensors, contrast agents for biomedical diagnosis 
and photoactive agents in photothermal therapy for cancer treatment (23-26).
Nanoparticle
Incoming Light
Inverse of Electrons 
on Nanoparticlc 
Surface
Figure 3. Origin of localized surface plasmon resonance o f metal nanoparticle as a result 
of coherent interaction of the electrons in conductance band with incoming light. (From 
Ref. 22)
The optical properties of gold nanoparticles are highly dependent on their particle 
size, shape and geometry (22-23, 27). Once size or shape modification is introduced into
gold nanoparticles, a corresponding electron field density will take place in the surface of 
the nanoparticles, thereby altering their intrinsic surface resonance oscillating and finally 
influencing their optical properties. As their simplest form, gold nanospheres usually 
absorb light in the visible range. Larger nanoparticles generally exhibit more red-shifted 
spectra but their tunability is quite limited and hardly extends into the NIR range. Once 
anisotropy is introduced into the gold nanoparticle shape, a dramatic shift can be found in 
their absorption spectra. Depending on their size and shape, their absorption spectra can 
be tuned from the visible to NIR ranges (see Figure 4). Take gold nanorod as an example: 
due to its anisotropy it has two surface plasmon resonances, one due to the transverse 
oscillating and the other one due to the longitudinal oscillating (at the longer wavelength 
range). Due to NIR light’s great advantage for applications in biological systems, various
Figure 4. Surface Plasmon resonance peaks o f gold nanoparticles as a function of 
gold nanospheres’ size and gold nanorods’ anisotropic ratio (AR). (From Ref. 22)
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gold nanoparticles with absorption peaks in NIR range have been developed such as 
nanorods, nanocages, nanoshells and so on (23-24, 27).
One intriguing property o f gold nanoparticles is their photothermal effect (27-29). 
Upon light irradiation, gold nanoparticles can efficiently convert light energy into heat on 
picosecond timescales. This photothermal effect has allowed gold nanoparticles to be 
used in thermoresponsive DDSs. By incorporating anisotropic gold nanoparticles, a 
thermo-responsive system will respond to NIR light (30-35). In addition to gold 
nanoparticles, carbon nanotubes (36) and graphene oxide (37) were also found to have 
strong photothermal effect and are thus also used as NIR triggers. Based on this principle, 
several other photothermal responsive systems have been developed. Among them, 
thermo-responsive polymer/nanoparticles systems are interesting and will be reviewed in 
the following sections.
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Figure 5. Three different excitation mechanisms involved in the upconverting process (a) 
excited state absorption, (b) energy transfer upconverting, (c) photo avalanche (Ref. 38).
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1.3. Upconverting Nanoparticles
UCNPs have been doomed to become a super-star material since their discovery in 
1966 by Auzel et.al (38). Unlike most fluorophores with emission spectra showing the 
usual Stokes shift, UCNPs can be excited by light o f long wavelength, normally NIR light, 
and emit photons o f short wavelengths typically in the visible and UV ranges. This 
upconversion process can proceed through three different excitation mechanisms (See 
Figure 5): excited state absorption (ESA), energy transfer upconversion (ETU) and 
photon avalanche (PA) (38-40). All three mechanisms are based on sequential absorptions 
of two or more photons through a series of metastable and long-lived excited energy 
levels. These sequential absorptions involving these energy levels o f long life-times result 
in the population of high-energy states, from which upconverted emission occurs. Among 
these three mechanisms, ESA is the least efficient due to its strong dependence on 
excitation light power; Due to its special mechanism, PA is only limited to some typical 
ions such as Pr3+, thus greatly limiting its further development. ETU is the most efficient 
one as it is instant and excitation power independent and thus is widely explored to 
develop high-efficient upconverting nanoparticles.
A highly efficient UCNP requires a good choice o f host lattice, dopant ions and 
dopant concentration (38-40). For a typical host lattice, some vibrational modes are 
allowed transferring through collectively oscillating atoms in the crystal lattice (phonon). 
A good host lattice should have low-energy phonons, good chemical stability and 
constituent ions having similar ionic radii to dopant ions. Taking all these facts into 
account, /3-NaYF4 is by far the most used and most efficient host lattice due to its low 
phonon energy (around 350 cm'1), good stability and similar radii of Na+, Y3+ cations to 
dopant ions. For dopant ions, two kinds o f functional ions are adopted in the systems. 
One plays the role of an activator, which controls emission; the other one plays the role of 
a sensitizer, which absorbs the excitation light and transfers the energy to the activator.
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Some ions can perform both functions, but this always results in low upconverting 
efficiency due to their extremely low absorption cross section (i.e. absorptivity) at 
excitation laser source at 980 ran. To improve the upconversion efficiency, codoping is 
employed. Yb3+, due to its simple energy level (only two levels) and high absorption 
coefficiency at 980 nm, is the most used sensitizer in the literature. All the rare earth 
metal ions (lanthanide ions) having more than one metastable energy level can in 
principle act as activators. To be a good activator, however, there are at least two 
requirements that need to be satisfied: a) the energy difference between each excited state 
and its lower energy level should be close enough to facilitate photon absorption and the 
many subsequent energy transfer steps involved in the upconverting process; b) these rare 
earth metal ions should have a relatively large energy gap to the next lowest lower-energy 
level. Due to the fact that the emission active 4 f electrons is well shielded from the 
external chemical environment by their outmost electron shell of 5S and 5p, the f-f 
transition is rarely influenced by electron-phonon coupling. Therefore, radiative 
upconverting emission processes mainly compete with multiphonon nonradiative 
relaxation in these lanthanides. The multiphonon nonradiative relaxation rate is 
determined by the energy gap of two neighboring energy level and the highest phonon of 
the crystal host where lanthanide ion doped. For 4f-electron systems, as an experienced 
rule, when the reduced energy gap is larger than the energy corresponding to five 
high-energy phonons, radiative processes will dominate nonradiactive multiphonon 
relaxation processes and greatly improve emission efficiency.
So far, the most efficient UCNPs are Yb3+ (sensitizer) and Er3+ or Tm3+ (activator) 
doped /3-NaYF4. These UCNPs have attracted a great deal o f attention in biological 
imaging due to their large anti-Stokes shifts, sharp emission, deep tissue penetration 
afforded by NIR excitation as well as their stable emission (no bleaching, no blinking). 
By choosing appropriate doping conditions, emission at almost any desired wavelength 
can be obtained. Usually, activator ions are dispersed in host lattice in a low
concentration (< 2 mol%, to minimize the energy loss due to cross-relaxation), while the 
sensitizer is usually in a high concentration (> 20 mol% to maximize the absorption of 
excitation light source). In some circumstances, strong UV emission is available from 
Tm3+ doped j3-NaYF4 UCNPs through 5 photon upconverting process mainly by energy 
transfer upconverting (see Figure 6 for details). These UCNPs are very attractive for 
photocontrolled release systems in which UV light is necessary for photoreaction 
activation. Branda, Zhang and Liu’s groups have done representative studies o f this type 
in using UCNPs as an internal UV-vis light source to photocontrol the uncaging process 
and liberate the encapsulated payload in small molecular systems (41-46). All these 
works have proved this UCNP to be an efficient UV-vis light source for photoreaction 
and laid a solid foundation for further exploration for their applications in 
photoresponsive polymer DDSs. As described in Chapters 3 and 4, our group made a first 
attempt in adopting UCNPs for applications in photoresponsive polymer DDSs.
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Figure 6. (a) Schematic illustration of upconverting process involved in Tm3+ Yb3+
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codoped system under excitation laser of 980 nm. The Lj notion used to label the f  
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2. Photoresponsive Polymeric Drug Delivery Systems
2.1. Block Copolymer Micelles
Photoresponsive copolymer micelles have been increasingly studied since 2004 (47). 
The first example was reported by our group in 2004: polymer micelles based on 
azobenzene BCP that can undergo a reversible micelle assembling/disassembling 
transition triggered by trans-cis isomerization of azobenzene. After that, a lot o f 
photoresponsive polymer micelles have been developed based on a similar mechanism 
using photoswitching chromophores (48-54). However, most o f these photoresponsive 
polymer micelles cannot be manipulated in aqueous solutions due to their limited polarity 
change induced by chromophore isomerization. When SP was introduced into BCPs, a 
photoinduced reversible micelle dissociation/formation could be achieved in aqueous 
solution due to large change in polarity brought out by charges transfer that 
accompanying the SP to MC isomerization process (55,56). Although these polymer 
micelles show very good reversible photoresponse, in reality most DDSs only need to 
release drug at the targeted location upon excitation. Therefore, photocaging molecules 
were incorporated into one block to prepare micelles for these applications. The micelles 
thus obtained can be dissociated under proper irradiation and simultaneously release their 
encapsulated payload. The photocaging molecules such as pyrene methyl alcohol (57), 
o-nitrobenzyl (58-60), or coumarin methyl alcohol (20, 61) were copolymerized into the 
BCPs. Polymer micelles prepared from these BCPs are stable in the aqueous solution in 
absence of irradiation. Once photoinduced cleavage o f the caging agent was induced by 
irradiation (usually UV light is required), the amphiphilic properties o f the BCP were 
changed. As the irradiated BCP became more hydrophilic, some events took place at the 
same time: a) the micelles swelled due to their increased polarity; b) the critical micelle
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concentration decreased because of the resulting shift in hydrophobic-hydrophilic balance; 
c) both events favored dissociation of the micelles and during the process o f swelling and 
dissociation, the payload was released into the solution. Although these photoresponsive 
polymer micelles have been proven to be efficient DDSs, synthesis of these BCPs is not 
easy and a great number of incorporated chromophore units in the polymers is not 
compatible with the intended biological applications.
To decrease the amount of chromophore units in the polymers but still retain their 
photoresponsiveness, a general strategy is to introduce chromophores into the polymer 
backbone. When only one chromophore was introduced into the backbone o f a BCP as a 
block junction, the resulting micelles could be disrupted through light-induced breaking 
of the block junction, as demonstrated by several groups. A lot of photoresponsive 
components have been used as light-breakable block junctions such as the 
o-nitrobenzyl-based moiety (62), truxillic acid derivatives (63), as well as the inclusion 
complexes of azobenzene with cyclodextrin (64). One advantage of these systems is that 
a biocompatible micelle can be easily obtained if  biocompatible blocks are chosen at the 
beginning. However, it may not be a suitable approach for the photocontrolled release o f 
hydrophobic species from the micelles core, because most hydrophobic payload would 
then remain in the intact core even after the hydrophilic corona is removed from micelles. 
Once photocleavable moieties are inserted repeatedly into the main chain o f the 
hydrophobic block, a fast photoinduced degradation of the resulting BCP micelles can be 
achieved. This approach was first demonstrated by our group (65,66). ABA triblock 
copolymers were synthesized with a poly(ethylene oxide) (PEO) block on both ends (A 
block) and a hydrophobic photodegradable block in the middle (B block). The 
hydrophobic block was o-nitrobenzyl ether based polyurethanes that can be degraded into 
small pieces upon photoirradiation. Upon UV irradiation, micelles in aqueous solution 
can trigger a burst-release of the hydrophobic payload due to the rapid photodegradation 
of the micellar cores. This feature is of great interest for photocontrolled DDSs, as it can
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achieve an optimal drug curing efficiency.
One drawback of the systems described above is that most o f the starting materials 
are not biocompatible and in most case, toxic products are produced in the process o f 
micelles dissociation. To enhance the attractiveness o f these photoresponsive micelle 
systems for practical applications, researchers have begun paying attention to the 
cytotoxicity and the biocompatibility o f the starting materials. More and more 
biopolymers such as poly(amino acid), polycarbonate and aliphatic polyesters have been 
introduced into the design of photoresponsive micelle systems and have been used as the 
core-composing hydrophobic block. In one case, a BCP composed of a biocompatible and 
biodegradable poly(y-methyl-e-carbonate) as the hydrophobic block and poly(acrylic acid) 
as the hydrophilic block was synthesized with o-nitrobenzyl groups used as 
photodegradable junctions (62). The resulting micelles in aqueous solution can be 
disrupted under UV irradiation and the products are biocompatible. In other cases, BCPs 
with PEO and poly(amino acid) were synthesized. By coupling photochromophores such 
as SP or coumarin pendant groups with the side chains o f poly(amino acid), a 
photoresponsive ability was incorporated into the micelles. When SP groups are 
introduced, a reversible micelle is obtained i.e., a micelle which can be reversibly 
disassembled and reassembled upon alternative UV and visible irradiation due to the 
great modulation in the polarity and the state of ionization induced by the reversible SP to 
MC isomerization. Once coumarin groups are coupled into the poly(amino acid) block, 
an irreversible photoresponsive micelle can be produced i.e., a micelle which can release 
a payload upon irradiation (61).
Before photoresponsive micelle systems find biological and biomedical applications, 
there is one issue that needs to be solved. So far, photons in UV and visible ranges are 
still the most widely used light sources to trigger the photoreaction. These light sources 
are quite detrimental to, and display very low penetration ability in healthy tissues and
15
cells due to strong absorption by and scattering from water and biological substances. To 
solve this excitation wavelength issue, the most common method used is to resort to 
two-photon absorption of NIR light to activate the photoreactions in micelle systems. 
Great research efforts have been dedicated to developing NIR photoresponsive micelles 
by introducing chromophores exhibiting two-photon absorption of NIR irradiation into 
the systems. Although some well-known chromophores such as o-nitrobenzyl esters,(58) 
diazonaphthoquinone (67-68) and coumarin derivatives (20, 61) have been explored in 
polymer micelle system, a successful or efficient NIR light responsive micelle remains 
elusive due to the low two-photon absorption cross section of most of the chromophores 
used. An original approach to address this wavelength issue is to use UCNPs as discussed 
in Part 1.3. They are good candidates for converting NIR light into different wavelengths 
in UV and visible ranges and thus can be used as internal UV-vis sources to induce 
photoreactions. In Chapter 3 of this thesis, results are presented from our studies using 
UCNPs that have been loaded into a photoresponsive BCP micelles to act as an internal 
UV-vis light source. The hydrophobic core made from poly(o-nitrobenzyl methacrylate) 
was dissociated by UV emission from UCNPs upon 980 nm laser irradiation leading to 
release of payloads.
2.2. BCP vesicles
BCP vesicles are usually hollow spheres in which the hydrophobic blocks make up 
bilayer membranes to encircle an aqueous inner compartment while the hydrophilic 
blocks form sterically or electrostatically stabilized coronas in aqueous solutions (69-72). 
Compared to polymer micelles, BCP vesicles can not only be used to load hydrophobic 
species in the membrane, but also to encapsulate hydrophilic ones in their aqueous 
cavities. As a counterpart to liposomes, BCP vesicles are more stable, more robust and 
more easily amenable to chemical post-functionalization. Due to their special structural 
properties, they are o f great interest in a number of potential applications such as drug
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delivery carriers/vectors (70), templates for biomineralization (73), and as nanoreactors 
(69,71-75).
Amphiphilic BCPs are by far the most popular material to prepare polymer vesicles. 
Like lipid molecules, BCPs can self-assemble into different morphologies such as 
micelles, rods and vesicles in aqueous solutions. In principle, the resulting morphologies 
of BCPs in aqueous solutions are determined by three factors: the volume fraction of the 
hydrophobic polymer chain, v, the optimal interfacial area per molecule, a, and the 
thickness o f the hydrophobic layer normal to the interface, /. These three factors define a 
dimensionless “packing parameter” p  = v/(al) (69, 72, 75). Different packing parameters 
correspond to different morphologies o f the resulting self-assembling architectures (see 
Figure 7): micelles (p <1/3), cylinders (1/3 <p <1/2), vesicles (1/2 <p <1) or inverted 
micelles (1 <p).
Figure 7. Schematic illustration o f various morphologies o f aggregations 
self-assembling from an amphiphilic molecule in a block-selective solvent. These 
morphological structures are determined by the curvature o f this typical molecule, 
which are expressed in packing parameter, P (Ref. 75).
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In practice, it is hard to get a specific packing parameter from a given BCP, because 
all three factors are greatly dependent on the self-assembling process and on the 
chemical properties o f the BCP used. The chemical structure o f the BCPs, the 
hydrophilic and hydrophobic block ratio, and the preparation conditions such as solvent 
properties, organic solvent/water ratio, starting polymer concentration, salt 
concentration/pH in aqueous solutions and temperature all influence the final resulting 
morphology in aqueous solution. Among all these factors, the hydrophilic/hydrophobic 
block ratio plays the most important role in the resulting morphology o f BCPs. As a 
general and empirical rule, when the ratio between the hydrophilic and hydrophobic 
block is less than 1:2, BCPs are inclined to form vesicles. Otherwise, micelles, cylinders 
or other morphologies will be formed from copolymers that display other 
hydrophilic/hydrophobic block ratios (76). Even after taking all these factors into 
account, a vesicular morphology from self-assembly o f the amphiphilic BCP is still not 
guaranteed. Vesicle preparation is a very delicate job, which is a balanced result from 
thermodynamic and kinetic control. For a given BCP, different morphologies such as 
micelles, rods, and vesicles are all accessible under slightly different conditions.
There are two general ways to prepare vesicles by self-assembling BCPs (69, 77). 
One is an organic-solvent-free method, which is suitable for BCPs of relatively high 
polarity or that display a low glass transition temperature. In this method, dry polymer 
samples are directly dispersed into water (most of the time, buffer solutions are used), 
and then hydrated into vesicles. Depending on the starting form of the amphiphilic 
BCPs used, different techniques such as the film rehydration method, the solid 
rehydration method or electroformation are employed. These methods offer the 
advantage that no organic solvent is introduced in the system, and giant BCP vesicles 
are achievable, while multi-wall vesicles with a broad distribution are usually obtained. 
The other approach is the organic-solvent-switch method, which is widely employed for 
most amphiphilic BCPs especially those that display an elevated glass transition
temperature. At the beginning, the amphiphilic BCP is dissolved in an organic solvent 
which can well dissolve both blocks. Then water is added gradually into the solution 
while stirring. Because water is a poor solvent for the hydrophobic block, it tends to 
aggregate as more water is added. Finally, the amphiphilic BCPs are self-assembled into 
vesicular structures. For this method, organic solvent removal is required which is 
usually performed through dialysis or evaporation. This step, however, can be 
time-consuming and labor-intensive. In some cases, it can induce undesired 
morphological transitions during the solvent removal process as a result of the great 
change in solvent properties.
DDS is by far the most attractive application for BCP vesicles. A significant amount 
o f effort has been devoted to design and prepare BCP vesicles with controllable release 
features. One effective way to achieve this is to incorporate a stimulus-responsive 
polymer into BCP vesicles as one component in a BCP. The resulting BCP vesicles 
therefore allow for the triggered release o f a payload upon external stimuli such as 
changes in pH (78-84), temperature (85-89), redox states (90-91), sugar concentration 
(92-93) and irradiation (48,50,64,94-102), just to name a few. Among these 
stimuli-responsive BCP vesicles, photoresponsive BCP vesicles are especially intriguing, 
because the release of payload can be rapidly induced at a specific time and location by 
exposure to irradiation. Compared to other stimuli such as changes in pH and redox state, 
no external chemical contaminant needs to be introduced to trigger the release process.
As in the case of photoresponsive polymer micelles, the basic concept for the 
preparation of photoresponsive BCP vesicles is to incorporate suitable chromophores into 
the chemical structures o f amphiphilic BCPs. Azobenzene as a wonderful and clean 
photoisomerizable chromophore has been introduced into BCP vesicles since 2005 by our 
group (48). Thereafter a lot o f work related to azobenzene BCP vesicles was reported 
(103-109). By taking advantage of the polarity and geometry changes that accompany
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trans-cis isomerization, these BCP vesicles have displayed different photoresponsive 
behaviors such as swelling/shrinking, vesicle fusion, disintegration/rearrangement, as 
well as morphological transitions. However, due to the limited polarity change of 
trans-cis isomerization, most o f these photoresponsive behaviors were demonstrated in an 
organic solvent mixed with water. Therefore, it is of great interest to develop 
photoresponsive BCP vesicles containing azobenzene groups that could be effective in 
aqueous solutions. Recently, a novel strategy to photo-trigger BCP vesicle bursting in 
aqueous solution was put forward by Li and coworkers (100). They prepared an 
asymmetric BCP vesicle with the outer leaflet composed of a liquid crystalline (LC) BCP 
with azobenzene groups while the internal one was composed of PEO-A-poly(butadiene). 
Upon UV irradiation, a LC-isotropic transition occurred within the outer leaflet bringing 
out a spontaneous curvature in the membrane and thus causing BCP vesicles to burst. 
Trans-azobenzene has a higher affinity to cyclodextrin than does c/.s-azobenzene. By 
using this, a photoresponsive BCP vesicle that can undergo a reversible 
disassembling/assembling transition was developed by controlling inclusion and 
complexation of cyclodextrin and azobenzene groups in an amphiphilic BCP (109). In 
addition to azobenzene, more and more photo switching chromophores have been 
introduced into BCP vesicles. Among them, SP needs to be specially noted. Due to the 
large polarity and charge distribution change between SP and MC, a reversible 
photodissociable BCP vesicle has been produced. In one report by Das et al BCP vesicles 
prepared from a glycopolymer with SP could be reversibly disassembled/reassembled in 
aqueous solutions by switching between isomeric states of SP through alternate UV and 
visible irradiations (110).
Compared to BCP vesicles based on photoswitchable chromophores, there are fewer 
reports related to BCP vesicles prepared with photocagable chromophores. Only three 
photodissociable BCP vesicles have been prepared with BCPs (62,97,101). Their 
hydrophilic and hydrophobic blocks are connected with o-nitrobenzyl groups as junctions.
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Under UV irradiation, the hydrophilic coronas are removed from the vesicles. Without 
stabilization by the hydrophilic coronas, the BCP vesicles were not stable and fragmented 
into small micelle-like structures upon irradiation. At the same time, the payload could be 
released. Basically, the design principles to prepare photodissociable polymer micelles 
based on photocagable chromophores are also applicable to BCP vesicles. Therefore, 
there is still ample room to be exploited for photodissociable BCP vesicles. However, due 
to the retardation/inhabitation effect displayed by some photocagable chromophores such 
as o-nitrobenzyl group in radical polymerization and sophisticated chemical synthesis, a 
significant amount o f effort still needs to be devoted to the synthesis o f a suitable 
photodissociable BCPs for BCP vesicle preparation.
In order to broaden the range of possible applications, more effort should be devoted 
to developing BCP vesicles with the following properties: (a) biocompatibility, that is the 
materials before and after irradiation should be benign or at least less toxic to biological 
systems. So it is better to choose biocompatible and biodegradable compounds as BCP 
vesicle components; (b) responsiveness to NIR light, which means that the chosen 
photoresponsive agents should be either organic chromophores displaying an appropriate 
NIR responsiveness (two-photon absorption) or inorganic NIR absorbers such as UCNPs, 
gold nanoparticles or graphene oxide nanoparticles.
2.3. Polymer Hydrogel
A hydrogel is a highly swollen 3-D network containing a large amount o f water. Due 
to their structural similarity to bodily tissues, hydrogels have been widely used as 
biomaterials in areas such as materials for protein separation, matrices for cell 
encapsulation, devices for the controlled release of drug and bioactive agents (111-116). 
Among these applications, hydrogels used as drug release devices have attracted more 
and more attention since one can not only conveniently tune their controlled release
21
ability but also allow retention of the optimal curing activity o f drug molecules especially 
bioactive molecules before their release.
Drug molecules are usually encapsulated into the crosslinked networks of hydrogels 
during their preparation and can be released by passive diffusion. Under normal 
conditions, the drug release kinetics from a hydrogel is concentration-dependent and in 
most cases it can only be used as a passive drug release carrier. However, a hydrogel 
having abilities to adjust its pore size or affinity to active drug molecules in response to 
external stimuli is o f much greater interest for practical applications. The key to make 
stimulus-responsive hydrogel is to incorporate stimuli-sensitive components into the 
hydrogel network (117-118). These components can be present either as the constituents 
of the polymer backbones or in the crosslinkers. Upon application of external stimuli, the 
properties of these hydrogels (hydrophobicity, permeability, mechanical properties, and 
crosslinked density/swelling rate) can be changed at a desired time and location. So far, a 
large variety o f stimuli-responsive hydrogels have been developed, which can respond to 
stimuli such as a change in temperature (4, 119-123) or pH (124-128), as well as 
exposure to light (129-133), redox species (134-137), biomolecules (138-142) or an 
electric field (143), to name a few. Among these stimuli, light is of particular interest as 
its triggered release from hydrogels can be remotely controlled both spatially and 
temporally with a great ease and convenience.
By analogy with the other photoresponsive systems, the key elements of a 
photoresponsive hydrogel system are its photoactive agents. They can be either 
chromophores or inorganic nanoparticles. The most straightforward way is to chemically 
modify the hydrogel with photoresponsive chromophores (144-145). This method can 
only partially modify hydrogel swelling properties in most case. By taking advantage o f 
the polarity change of azobenzene groups before and after UV irradiation, a reversible 
swelling/contraction behavior has been achieved in hydrogels modified with azobenzene
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groups. However, swelling induced only by chromophore isomerization is very limited. 
Once these chromophores are incorporated into a thermoresponsive hydrogel, its 
photoinduced swelling ability could be greatly amplified. This approach has been recently 
explored by introducing SP into a poly(AMsopropylamide) (PNIPAM) hydrogel (146-147). 
Due to the large polarity and charge distribution changes induced by the SP to MC 
isomerization, the thermal responsive properties o f PNIPAM polymers are strongly 
altered. Indeed, the phase separation temperature o f PNIPAM after UV irradiation can be 
shifted to higher temperature (even up to 20 °C difference can be achieved) simply by 
shifting between spiropyran isomeric states. So, once the hydrogel is kept at a 
temperature between its phase separation temperatures before and after UV irradiation, a 
large swelling/contraction change can be achieved by controlling the phase separation 
properties of the polymers upon different irradiations. These photoresponsive hydrogels 
have been employed as smart valves in microfluid systems and photoresponsive gratings. 
Based on the same principle, photocage chromophores such as o-nitrobenzyl group are 
also used to functionalize hydrogels intended for single use (148-150).
Using chromophores to constitute photosensitive crosslinkers is the most common 
method to fabricate photoresponsive hydrogels. Coumarin and anthracene groups have 
been employed as reversible photodimerizable crosslinkers in hydrogels (151-155). The 
properties of these hydrogels can be easily tuned by controlling their crosslinking density 
through the extent of dimerization of these chromophores. On the other hand, 
photocaging chromophores, especially o-nitrobenzyl groups, are increasingly receiving 
attention from researchers since they were first used to prepare photoresponsive 
hydrogels. Crosslinkers with o-nitrobenzyl groups distributed in the middle or at both 
extremities are usually copolymerized with cytocompatible comonomers to form 
hydrogels (156-164). Light control o f the resulting hydrogel properties has been proven 
to be a convenient method to introduce temporal changes, for the creation of arbitrarily 
shaped features, and to achieve on-demand pendant functionality release. Due to their
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good cytocompatibility, these hydrogels have been used as cell culture matrices. The 
manipulation of gel properties (pore size and gel-sol transition) also allows for 
controlling cell migration and for tuning the cell growth microenvironment. In addition 
for chemical (i.e., covalent) crosslinking, photoresponsive supramolecular assemblies 
have also been used as photoresponsive crosslinkers in hydrogels. Azobenzene and 
cylcodextrin complexation is a typical example which is widely used in hydrogels as a 
reversible crosslinker. When the azobenzene is in the trans states, it binds firmly into the 
cyclodextrin cavity, while c/s-azobenzene does not. Several photoresponsive hydrogel 
systems have been devised using this mechanism (165-167). The hydrogels are formed 
through multiple inclusion complexation crosslinking points which are achieved by 
mixing azobenzene-functionalized polymers and cyclodextrin-functionalized polymers in 
the solution. Upon photoisomerizing azobenzene into its cis form, the crosslinking 
density decreases which induces gel-sol transition. This process can be reversed by 
irradiation in the visible range.
Some chromophores or inorganic nanoparticles have the ability to absorb light and 
dissipate it in the form of heat (photothermal effect). This effect has been used to 
construct photocontrolled thermo-responsive hydrogels. The approach was first 
demonstrated in 1990 by combining a thermoresponsive hydrogel and a chromophore 
(168). Light absorbed by the chromophore was dissipated as heat into the local 
environment and therefore, yielding an increased local temperature, which finally 
induced a phase separation of the hydrogel system. In this system, visible light was used 
as an excitation source. Based on the same mechanism, other materials which display 
photothermal effect have also been incorporated into hydrogels to construct 
photoresponsive hydrogels. These materials include gold nanoparticles (31, 33-35), 
carbon nanotubes (36, 169), and graphene oxides (37). Because these materials have the 
ability to convert NIR irradiation into heat, the resulting hydrogels are NIR-responsive 
and are thus more attractive for biological applications.
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3. Objective of the Thesis
The overall objective of this thesis is to design, synthesize and study novel 
photoresponsive polymers, to use them to construct light-controllable materials including 
BCP vesicles, polymer micelles and hydrogels, and then explore their potential 
applications for drug delivery. The first part o f this thesis deals with new photoresponsive 
BCP vesicles. To this end, we have designed and synthesized different photoresponsive 
amphiphilic BCPs with different chromophores including azobenzene, spiropyran and 
coumarin and explored their self-assembling and photoresponsive properties in aqueous 
solutions. In Chapter 1, we demonstrate a new strategy to prepare photo-dissociable BCP 
vesicles. They were first prepared under low pH to guarantee the integrity o f the vesicle 
membrane, which then became kinetically stable at high pH due to the glassy nature o f 
the vesicle membrane. Upon light irradiation, the vesicles can be rapidly dissociated 
through a cascade of events induced by a polarity change and enhanced charge generation 
brought by the spiropyran to merocyanine isomerization. These kinetically stable 
photoresponsive BCP vesicles can be used as a burst drug release carrier for single usage. 
In Chapter 2, we present a photoresponsive BCP vesicle whose membrane is a liquid 
crystalline polymer containing a small amount of azobenzene groups. Upon trans-cis 
isomerization of the azobenzene group, a photoinduced order-disorder transition within 
the mesogens confined within vesicle membranes was observed in BCP vesicle aqueous 
solutions. This photoinduced effect has been found to have the similar softening effect on 
the vesicle membrane as that induced by good solvents, and can thus be used to 
photo-control the membrane’s permeability to protons.
In biological applications, the wavelength of light irradiation used as the optical 
trigger is continuously being raised as an issue that limits the applicability o f 
photoresponsive drug delivery systems. At present, high energy UV or visible light 
excitations are still the most used light sources for activating these systems. However,
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these stimuli are highly detrimental to healthy cells and tissues. Meanwhile, their 
penetration capacity is quite limited due to their strong absorption by and scattering from 
biological tissues and water. NIR light excitation is the solution to this problem. So far, 
there are two common ways to use NIR light: one is through two-photon absorption, 
while the other one is to rely on photothermal effect by incorporating NIR light-absorbing 
nanostructures such as gold nanorods and graphene oxide NP into thermo-responsive 
systems. In the second part of the thesis, we present our studies aimed at developing new 
methodologies to address this challenging issue. We demonstrated a novel strategy 
enabling the use of a continuous-wave NIR laser to trigger photoreactions in 
photoresponsive systems based on the incorporation of UCNPs in DDSs. In Chapter 3, 
UCNPs were encapsulated into a photoresponsive polymer micelle whose core was made 
from a photocleavable block poly(4,5-dimethoxy-2-nitrobenzyl methacrylate). Upon 
exposure to 980 nm laser, UV emission from UCNPs was absorbed by o-nitrobenzyl 
group and induced photocleavage reactions in the polymer core, leading to micelles 
dissociation and concomitant release of the payload. In Chapter 4, we carried out a work 
extending the use of UCNPs in another photoresponsive polymer system, namely, a 
hydrogel. We found that NIR light excitation of UCNPs loaded in a photosensitive 
hydrogel could induce gel-sol transition, trigger the release o f entrapped 
biomacromolecules such as proteins and enzymes, thereby recovering their bioactivity in 
aqueous solution.
The last part o f the thesis, Chapter 5, describes a study on a different stimulus, dissolved 
carbon dioxide (CO2). We show how the dissolved gas can be used to manipulate 
structural or morphological transitions of BCP vesicles in aqueous solution. We prepared 
C02-responsive BCP vesicles by using the commercially available 
poly(V N  ’,-diethylaminoethylmethacrylate) (PDEAEMA) as the hydrophobic block. 
Depending on whether the vesicle membrane is cross-linked or not, the vesicle can have 
different CCVresponsive behaviors: dissociation or breathing. Without cross-linking, it
2 6
undergoes complete dissociation in the presence o f dissolved CO2. In the presence o f a 
limited amount o f cross-linking, its hydrodynamic volume can be increased by 2100% 
upon bubbling CO2 and contract to the initial volume upon removal of dissolved CO2 by 
passing N2 through the solution. Finally, Chapter 6 concludes our studies and discusses 
some studies that are worth being pursued in the future.
27
CHAPTER 1. OPTICALLY TRIGGERED DISSOCIATION 
OF KINETICALLY STABILIZED BLOCK COPOLYMER 
VESICLES IN AQUEOUS SOLUTION
1.1. About this project
Photoinduced BCP vesicle dissociation is so far the most efficient and direct way to release 
encapsulated payload from BCP vesicles. Upon light irradiation, BCP vesicles become 
unstable and finally dissociate if  the hydrophobic-hydrophilic balance shift induced by the 
photoreaction of chromophores exceeds a certain threshold. Applying this concept, 
chromophores displaying either reversible photoisomerization or irreversible 
photocleavage have been used to prepare photoresponsive BCP vesicles. However, the 
photoinduced hydrophobic-hydrophilic balance shift is quite limited, so that long time 
exposure to light of high intensity is often required in order to trigger the photoreaction of 
most chromophores before the BCP vesicle dissociation happens. These demanding 
conditions can restrict the application of photoresponsice BCP vesicles in biological 
systems, because a large dose of irradiation can cause tissue damage and cell death. 
Therefore, it is necessary to develop photoresponsive BCP vesicles that can undergo fast 
and efficient photoinduced disassembly. In this chapter, we demonstrate a new approach 
based on the use o f kinetically stabilized BCP vesicles. We show that fast BCP vesicle 
dissociation can be achieved as a result o f a cascade of events induced by photoinduced 
spiropyran-to-merocyanine isomerization.
This work was published in Macromolecular Rapid Communication 2011, 32, 972-976, by 
Bin Yan, Jie He, Patrick Ayotte and Yue Zhao. This research work was conducted in the 
Polymers and Liquid Crystals Laboratory, under the supervision of Prof. Yue Zhao and 
co-supervision of Prof. Patrick Ayotte. The block copolymer used was synthesized by Jie
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He. I performed all the other experiments reported in this publication. I wrote the first draft 
o f the manuscript. Prof. Zhao finalized the manuscript with revision contributions from 
Prof. Ayotte.
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1.2.1. Abstract
We demonstrate a strategy for using an optical stimulus to trigger the dissociation of 
block copolymer (BCP) vesicles in aqueous solution. The BCP, comprising hydrophilic 
poly(ethylene oxide) (PEO) and a block of poly(methacrylic acid) bearing a number of 
spiropyran methacrylate comonomer units (P(MAA-co-SPMA)), was allowed to firstly 
self-assemble into large vesicles in aqueous solution at pH=3 with protonated carboxylic 
acid groups, and then become kinetically stable at pH=8 due to the glassy vesicle 
membrane of P(MAA-co-SPMA). Fast dissociation of the vesicles was achieved through 
a cascade of events triggered by UV-induced isomerization from neutral spiropyran to 
charged merocyanine in the membrane.
1.2.2. Introduction
Research in recent years has established an amphiphilic block copolymer (BCP) design 
principle for photo-dissociable core-shell micelles or vesicles (BCP vesicles)/1 1 These 
stable self-assembled structures can become thermodynamically unstable in aqueous 
solution if the photoreaction of the photochromic moieties in the BCP can shift 
sufficiently the hydrophilic-hydrophobic balance toward their destabilization. Following 
this principle, reversible and irreversible photoinduced dissociation of BCP micelles or 
vesicles have been demonstrated by making use of reversible photoisomerization and 
irreversible photocleavage, respectively. A distinct feature o f some BCP micelles or 
vesicles is that even under thermodynamically unstable conditions, they can be 
kinetically stable for quite long due to the crystallization or high glass transition 
temperature Tg of the micelle core- or vesicle membrane-forming polymer/31 It is o f 
fundamental interest to develop strategies that allow the use of light to trigger the 
dissociation of kinetically stabilized BCP micelles or vesicles. In this communication, we
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report a study that shows how, through rational BCP design and controlling the vesicle 
preparation conditions, an optical trigger can induce a cascade of events leading to 
dissociation of the vesicles formed by a BCP composed of poly(ethylene oxide) (PEO) 
and a block of poly(methacrylic acid) bearing a number o f spiropyran methacrylate 
comonomer units (P(MAA-co-SPMA)). The spiropyran-merocyanine photoisoemrization 
inside the vesicles and their optically triggered dissociation are directly observable in 
aqueous solution using an optical microscope. This study is a significant step forward in 
developing photoresponsive BCP nanocarriers for controlled delivery applications.
1.2.3. Experimental
Details on the BCP synthesis using atom transfer radical polymerization (ATRP) and its 
characterizations are given in Supporting Information.
L.
c i i j o k ' i i ,  c i i ,  o - c  c — r i , a i j - c — j -  
' 45 ( I I ,  ■ c - o "  <:-<>'*
(A)
O
<Jh ,
A
1 •M'H vh>n / 1
C H 3 O  C H j  C H ,  O j t  Y  n C H j  - j  \C H ,  Y  T
1 CHA C=0
UV (365 n m ^
C l l 2C»2
on
o r
(B)
Slow addition f 
o f dilute HCIL 
solution a t 
pH  *  3
A
A .r  i.
/"
(a) Q uench with 
d ilute NaOH 
a t pH  =* 10
(b) Evapovation of 
TH F
0 °  Q  OC?OQ Qfj
BCP dissolved Vesicles with nonionized Vesicles w ith frozen 
in THF COOH groups m em brane in aqueous
so lu ion(pH - 8)
Figure 1. (A) Chemical structure o f the BCP and of the spiropyran-merocyanine 
photoisomerization, (B) schematic o f the vesicle preparation procedure, and (C) TEM 
image of a representative vesicles sample.
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1.2.4. Results and Discussion
Figure 1 shows the chemical structure of the BCP, a schematic o f the vesicle preparation 
procedure and a typical TEM image o f representative vesicles. The BCP comprises a 
hydrophilic block of poly(ethylene oxide) (PEO) and a block o f poly(methacrylic acid) 
bearing a number of spiropyran methacrylate comonomer units (P(MAA-co-SPMA)), 
which can be hydrophilic or hydrophobic depending on the pH. To prepare the vesicles, the 
BCP was molecularly dissolved in THF (5 mg/mL) then, 50 wt% of water (water/THF: 1/2 
in weight) at pH=3 was added slowly to induce aggregation of the BCP chains. The choice 
of pH=3 at this stage is important because it keeps carboxylic acid groups unionized (pKa 
between 5 and 6  for PMAA) , [41 making the P(MAA-co-SPMA) block hydrophobic 
allowing it to form the vesicle membrane. Afterwards, 4-fold o f water at pH=10 (with 
respect to the volume of the initial solution) was added quickly to quench the solution/ 51 
After removal of THF by evaporation, a BCP concentration of ca. 0.5 mg/mL was obtained. 
The final pH of the aqueous solution was ~ 8 . At this basic pH, carboxylic groups should be 
ionized, rendering the P(MAA-co-SPMA) block hydrophilic. However, the vesicles were 
kinetically stable due to the high glass transition temperature Tg =130 °C of 
P(MAA-co-SPMA). In other words, once formed upon addition of water at pH=3, the 
glassy and compact vesicle membrane prevents water molecules from diffusing within the 
membrane at pH ~ 8 . Under these conditions, the giant vesicles were stable for 2-3 hours, 
as can be seen from the TEM image in the dry state (see Figure S4).
Vesicles of large sizes can be observed with an optical microscope/ 61 This is the case 
with the BCP vesicles prepared under the conditions used in the present study, which made 
it possible to observe directly their photoinduced dissociation in aqueous solution by 
means of an optical microscope. We emphasize that all micrographs shown in Figure 2 
were recorded with vesicles in solution (not in the dry state). To this end, a vesicle solution 
(1.5 mL) in a small flask was exposed to UV light (365 nm, 85 mW/cm2) for various
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Figure 2. Optical photomicrographs showing the BCP vesicles in aqueous solution 
before and after UV irradiation for various durations (image size: 1 OOfim x 1 00/xm) 
and the absorption spectra o f the corresponding BCP solution.
cumulative durations under gentle stirring, and after each sequential exposure, a drop of the 
solution was deposited on a glass slide, followed immediately by microscopic observation. 
The vesicles had a uniform size prior to UV exposure (Fig. 2a). After 1 min irradiation, 
some vesicles already started to dissociate (Fig. 2b). The occurrence o f the spiropyran 
(SP)-to-merocyanine (MC) photoisomerization can easily be noticed from the color change 
of the vesicles.[7] They turned red as a result o f the formation of MC moieties that absorb 
visible light around 560 nm, as can be seen from the UV-vis spectra also presented in 
Figure 2. Since the irradiation with UV light was performed from the top o f the solution 
through the open flask, even under gentle stirring for mixing, vesicles close to the surface 
should absorb more photons and have a greater SP-to-MC isomerization degree than 
vesicles located deeper in the solution. Those more extensively photo-reacted vesicles are 
expected dissolve first. The low resolution available by optical microscopy does not allow 
one to assess the degree of photoisomerization based on the perceptible differences in
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color. Over time, all vesicles could eventually reach the threshold degree of 
photoisomerization required for their dissociation. Indeed, with increasing irradiation time, 
the UV-vis spectra show an increased concentrations o f MC groups, which is accompanied 
by the dissociation of an increased number o f vesicles in solution. Under these 
experimental conditions, most vesicles were totally disrupted after 17 min. o f irradiation.
Some other observations are also worth mentioning. Firstly, both intact and dissolved 
vesicles tend to aggregate upon photoisomerization. This may arise from electrostatic 
interactions between the charged, zwitterionic MC moieties at pH ~ 8 .[8] Secondly, despite 
the photoinduced destruction of the vesicular membrane structure, the BCP is not 
molecularly dissolved quickly, which is normal for polymers. The optically destroyed 
vesicles remain in the form of a loose and hydrated entity. After 17 min irradiation by UV 
light followed by vigorous stirring in the dark overnight, most o f the BCPs were dissolved 
molecularly in the aqueous solution. Thirdly, the photoinduced dissociation process is not 
reversible. This is understandable given the mechanism at play. Obviously, after 
UV-induced dissociation in aqueous solution at pH=8 , even if subsequent visible 
irradiation converts charged MC back to neutral SP, carboxilic acid groups remain 
unionized and, consequently, no vesicles can be reformed. It was found that after 
UV-induced dissociation of BCP vesicles lead to the formation of large aggregates, 
subsequent irradiation with visible light could convert part o f MC back to SP, resulting in 
some re-dispersion of BCP aggregates, likely due to the expected reduction in the number 
o f charges leading to weaker electrostatic interactions (see Figure S5)
In addition to the direct observation of the photoreaction and o f the vesicle dissociation in 
aqueous solution with an optical microscope for the first time, the present system also 
demonstrates a pathway to using an optical stimulus to trigger a cascade of events, a 
phenomenon also found in living systems,1 and which is fundamentally challenging to 
design and control in artificial systems. As mentioned above, using this BCP design and
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these preparation conditions, the vesicles are kinetically stable in aqueous solution at pH= 8  
because of the difficulty for water molecules (aqueous hydroxides) to diffuse into the 
membrane of P(MAA-co-SPMA) and for protons to diffuse out o f the membrane. At this 
state, the applied UV light can trigger a series o f sequential events: 1) neutral SP is 
converted to charged MC which makes the vesicle membrane more soluble in water, 2) the 
membrane becomes hydrated as water molecules flow in, 3) carboxylic acid groups “feel” 
the basic pH= 8  medium and are ionized, 4) the P(MAA-co-SPMA) block switches to being 
water-soluble, and 5) the vesicle membrane is dissolved. This example may help design 
and understand supramolecular systems that are able to undergo a cascade of events in 
response to a single stimulus.
We also used pyrene, a fluorescent probe molecule, in order to get more insight into the 
change in hydrophilicity o f the vesicle membranes upon UV irradiation. In this experiment, 
50 /xL of a THF solution of pyrene (1.5 mg/mL) was added in 0.5 mL of an aqueous vesicle
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Figure 3. Fluorescence emission ratio I1 /I3  of pyrene as a function of UV irradiation 
time, the inset showing the fluorescence emission spectra (Xex=339 nm) before and 
after UV irradiation (365 nm, 85 mW/cm2) of the pyrene-loaded vesicle solution 
(0.025 mg/mL, 2.5 mL, pH = 8 )
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solution (0.5 mg/mL) at acidic pH under stirring. The vesicle membrane could be 
plasticized by the presence of THF,[10J which allows the preferential partitioning o f pyrene 
inside the hydrophobic membrane. After removal o f THF, the solution was diluted to 0.025 
mg/mL and the pH o f the solution was adjusted to pH=8 . Figure 3 reports the pyrene 
fluorescence emission ratio I1 /I3 ,  measured at 374 nm and 384 nm respectively, as a 
function of irradiation time, while the inset shows the emission spectra o f pyrene before 
and after UV irradiation. The I1 /I3  ratio reflects the polarity of the environment in which 
pyrene molecules are located.^1' 1 Before UV irradiation, the I1 /I3  ratio is about 1.3 
indicating that pyrene molecules are solubilized by the hydrophobic P(MAA-co-SPMA) 
membrane.[llc] Upon irradiation, the I1 /I3  ratio increases continuously to reach a value of 
1 .6  after 2 0  seconds, which indicates pyrene molecules experience an increasingly polar 
environment. As compared to the experimental results presented in Figure 2, the 
photoreaction rate appears to be much faster. This is interpreted as being due to the much 
diluted vesicle concentration in the optical microscopic investigations. Since dissolved 
vesicles still form loose aggregates, many pyrene molecules should remain in a hydrated 
polymer environment. This explains why the I1 /I3  ratio is smaller than the value expected 
for pure water, namely ~ 1.9[1'5. This fluorescence probe experiment clearly shows the 
photoinduced hydration of the vesicle membrane, which brings pyrene molecules to be in 
contact with water.
1.2.5. Conclusion
We demonstrated that through rational BCP design and by controlling the vesicle 
preparation conditions to render them kinetically stable, an optical signal inducing the 
switching from neutral SP to charged MC in the vesicle membrane, could trigger a 
cascade of events and lead to dissociation of BCP vesicles. For the first time, the 
photoreaction inside the giant BCP vesicles and their concomitant dissociation in aqueous 
solution were directly observed by means o f an optical microscope.
37
Acknowledgement
We acknowledge financial support from the Natural Sciences and Engineering Research 
Council of Canada (NSERC) and le Fonds Quebecois de la Recherche sur la Nature et les 
Technologies o f Quebec (FQRNT). BY thanks the scholarship support from the China 
Scholarship Council. YZ is a member o f the FQRNT-funded Center for Self-Assembled 
Chemical Structures.
References
[1] (a) G. Wang, X. Tong, Y. Zhao, Macromolecules, 2004, 37, 8911; (b) X. Tong, G. 
Wang, A. Soldera, Y. Zhao, J. Phys. Chem. B, 2005 ,109, 20281; (c) J. Jiang, X. Tong, 
Y. Zhao, J. Am. Chem. Soc., 2005, 127, 8290; (d) J. Babin, M. Pelletier, M. Lepage, J. 
F. Allard, D. Morris, Y. Zhao, Angew. Chem. Int. Ed., 2009, 48, 3329; (e) Y. Zhao, 
J. Mater. Chem., 2009,19, 4887.
[2] (a) H. Lee, W. Wu, J. K. Oh, L. Mueller, G. Sherwood, L. Peteanu, T. Kowalewski, K. 
Matyjaszewski, Angew. Chem. Int. Ed., 2007, 46, 2453; (b) J. Zou, B. Guan, X. J. 
Liao, M. Jiang, F. G. Tao, Macromolecules, 2009, 42, 7465; (c) A. P. Goodwin, J. L. 
Mynar, Y. Ma, G. R. Fleming, J. M. J. Frechet, J. Am. Chem. Soc., 2005 ,127, 9952; 
(d) Y. Wang, P. Han, H. Xu, Z. Wang, X. Zhang, A. Kabanove, Langmuir, 2010, 26, 
709; (e) W. Su,. Y. H. Luo, Q. Yan, S. Wu, K. Han, Q. J. Zhang, Y. Q. Gong, Y. M. Li, 
Macromol. Rapid Commun., 2007, 28, 1251; (f) Lin, Z. Yan, J. Gu, Y. Zhang, Z. Feng, 
Y. Yu, Macromol. Rapid Commun. 2009, 30, 1089.
[3] (a) H. Shen and A. Eisenberg, J. Phys. Chem. B 1999,103, 9473; (b) Kang, N.; 
Perron, M.-E.; Prud’homme, R. E.; Zhang, Y.; Gaucher, G.; Leroux, J.-C. J. Nano 
Lett. 2005, 5, 315.
38
[4] (a) S. General, J. Rufloff, A. F. Thiinemann, Chem. Commun., 2002, 534; (b) V. 
Kozlovskaya, E. Kharlampieva, M. L. Mansfield, S. A. Sukhishvili, Chem. Mater., 
2006,18, 328; (c) B. Kim, N. A. Peppas, Macromolecules, 2002, 35, 9545.
[5] (a) L. Zhang, A. Eisenberg, Science, 1995, 268, 1728; (b) L. Zhang, K. Yu, A. 
Eisenberg, Science, 1996, 272, 1777; (c) L. Zhang, A. Eisenberg, J  Am. Chem. Soc., 
1996,118, 3168.
[6 ] (a)C. Sanson, J.-F.-L. Meins, C. Schatz, A. Soum, S. Lecommandoux, Soft Matter, 
2010, 6, 1722; (b) J. R. Howse, R. A. L. Jones, G. Battaglia, R. E. Ducker, G. J. 
Leggett, A. J. Ryan, Nat. Mater, 2009, 8, 507; (c) P. P. Ghoroghchian, J. J. Lin, A. K. 
Brannan, P. R. Frail, F. S. Bates, M. J. Therien, D. A. Hammer, Soft Matter, 2006, 2, 
973; (d) Y. Zhou, D. Yan, J. Am. Chem. Soc., 2005,127, 10468.
[7] (a) J. Lee, C-W. Lee, J-M, Kim, Macromol. Rapid Commun., 2010, 31, 1010; (b) M. 
Zhu, L. Zhu, J. J. Han, W. Wu. J. K. Hurst, A. D. Q. Li, J. Am. Chem. Soc., 2006 ,128, 
4303.
[8 ] (a) G. Berkovic, V. Krongauz, V. Weiss, Chem. Rev., 2000, 100, 1741; (b) F. M. 
Raymo, S. Giordani, J. Am. Chem. Soc., 2001, 123, 4651; (c) S. Kawata, Y. Kawata, 
Chem. Rev., 2000, 5, 1777.
[9] (a) C. D. Smolk, Science, 2009, 324, 1156; (b) S. Hooshangi, S. Thiberge, R. Weiss, 
Proc. Natl. Acad. Sci. U. S. A., 2005, 102, 3581.
[10] (a) A. Choucair, P. L. Soo, A. Eisenberg, Langmuir, 2005, 21, 9308; (b) J. Wu, A. 
Eisenberg, J. Am. Chem. Soc., 2006, 128, 2880; (c) S. Yu, T. Azzam, I. Rouiller, A. 
Eisenberg, J. Am. Chem. Soc., 2009, 131, 10557.
[11] (a) M. Wilhelm, C. Zhao, Y. Wang, R. Xu, M. A. Winnik, J. L. Mura, G. Riess, M. D. 
Croucher, Macromolecules, 1991, 24, 1033; (b) C. Zhao, M. A. Winnik, G. Riess, M. 
D. Croucher, Langmiur, 1990, 6 , 514; (c) K. Kalyanasundaram, J. K. Thomas, J. Am. 
Chem. Soc., 1977, 99, 2039; (d) H. Ringsdorf, J. Venzmer, F. Winnik,
Macromolecules, 1991, 24, 1678; (e) F. Winnik, Chem. Rev., 1993, 93, 587.
39
1.2.3. Supporting information
1. Synthesis of the Block Copolymers
Materials. All reagents were purchased from Aldrich and used without further 
purification. 2-(3’, 3 ’-dimethyl-6-nitro-3’H-spiro [chromene -2, 2’-inol]-r-yl)-ethanol 
(SP) was synthesized using a published method.[S 11 Poly(ethylene glycol) methyl ether 
with number-average molecular weight about 2 0 0 0  g mol' 1 was used to prepare 
poly(ethylene oxide) (PEO) macroinitiator according to a reference.[s2]
Synthesis of PEO-6-poly(terf-butyl methacrylate) (PEO-A-P/BMA). PEO
macroinitiator (37 mg, 0.0185 mmol), Cu(I)Br (5.6 mg, 0.037 mmol) and tert-butyl 
methacrylate (tBMA) (0.524 g, 3.7 mmol) were mixed in a 5 mL ampoule equipped with 
a magnetic stir bar. The whole system was bubbled with nitrogen for 10 min. Then, the 
ligand, N, N, N ’, N ’, N”-pentamethyldiethylentriamine (PMDETA) dissolved in anisole 
(1 mL) was added by using a syringe. The mixture was degassed three times using a 
ffeeze-pump-thaw procedure and filled with nitrogen. The polymerization was conducted 
at 60 °C for 12 hr. The reaction was stopped by exposing the ampoule to air, and the 
mixture was passed through a basic alumina column. The polymer was precipitated in 
pentane and filtered. The purification procedure by dissolving-precipitation was repeated 
three times and the product was dried under high vacuum at room temperature for 1 2  h. 
Mn (GPC) -  34,000, PDI = 1.12 (see Figure SI). The sample was characterized by 'H 
NMR, and based on the molecular weight o f PEO, the block copolymer composition 
obtained was PEO45-6 -P/BMA184, where the subscripts indicate the numbers o f the EO 
and rBMA units.
Preparation of PEO-Z>-Poly(methacrylic acid) (PEO-6-PMAA). [S3] Trifluoroacetic 
acid (0.9 mL) was added in a dichloromethane solution o f the diblock copolymer (300 mg
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in 3 mL). The reaction solution was stirred at room temperature overnight for the 
hydrolysis reaction. The solvent was carefully removed by evaporation; the residue was 
then redissolved in methanol and precipitated in cold ethyl ether. The product was 
collected by filtration and dried in vacuum at 45 °C for 24 hr. Complete hydrolysis o f 
tBMA was confirmed by !H NMR. This gave rise to the block copolymer 
PEO45-6 -PMAA184.
 PEO,
P E 0 4J-b-P/BMA184
PEO^-b-PlMAA^-co-SPMA,,)
_ T
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T *
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Figure SI. GPC curves of the PEO macroinitiator, the block copolymers 
PE0 45-&-P/BMA184 and PE0 45-Z>-P(MAAi46-co-SPMA38).
Preparation of spiropyran (SP)-containing block copolymer. PE0 45-6 -PMAA ] 84 (300 
mg, 0.0190 mmol) and SP (1.23 g, 3.50 mmol) was dissolved in anhydrous DMSO (10 
mL). After the solution became homogenous upon stirring, a solution of 
4-dimethyaminopridine (DMAP) (0.576 g, 0.52 mmol) and dicyclohexylcarbodiimide 
(DCC) (1.26 g, 6.24 mmol) in DMSO (5 mL) was added. The mixture was stirred at room 
temperature for 48 hr. After filtration, the solvent was eliminated under reduced pressure. 
The residue was dissolved in THF, and the solution was filtrated before being poured into 
methanol. The precipitated product was collected by filtration and the whole procedure 
was repeated twice. The product was dried in vacuum at room temperature for 2 days. Mn 
(GPC) = 52,800, PDI = 1.75 (see Figure SI). The relative broad polydispersity is due to 
the strong interaction between PMAA and the polystyrene column and the low solubility
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of PMAA in THF. From 'H NMR spectrum (see Figure S2), the block copolymer 
composition was estimated to be PE0 4 5 -6 -P(MAAh6-co-SPMA38).
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Figure S2. *H NMR spectra of the block copolymers (a) PEO45-&-P/BMA184 and (b) 
PE0 45-6-P(MAA,46-co-SPMA38).
2. Characterization
Gel permeation chromatography (GPC) measurements were performed using a Waters 
system equipped with a refractive index and a photodiode array detector. THF was used 
as eluent (elution rate, 1 mL/min) and polystyrene standards used for calibration. The 
GPC curves of the macroinitiator and the diblock copolymers were shown in Figure SI. 
'H NMR spectra were obtained with a Bruker Spectrometer (300 MHz, AC 300). The *H 
NMR spectra of PEC^s-WPrBMAmand PE0 45-6 -P(MAAi46-co-SPMA38) were shown in 
Figure S2. The units of fBMA in PE045-6-PrBMAi84 were calculated from the signal 
intensity ratio between the proton of O-CH2-CH2- at 3.9 and that of tertiary butyl at 1.4 
ppm, while the units o f SPMA in PEO45-6 -PeMAAi46-C0 -SPMA38) was calculated from 
the intensity ratio between the proton of O-CH2-CH2- at 3.9 ppm and that o f 
-O-CH 2CH2-N- at 4.1 ppm. UV-vis absorption spectra were recorded on a Varian
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Cary-50 spectrophotometer. A TA DSC Q200 differential scanning calorimeter (DSC) 
was used to investigate the phase transition behaviors, using indium as the calibration 
standard and a heating or cooling rate o f 10 °C/min. Glass transition temperature (Tg) was 
taken as the midpoint o f the change in heat capacity. The DSC heating and cooling curves 
(second scan) of PE 0 45-/>-P(MAAi46-co-SPMA38) was shown in Figure S3. A 
high-temperature Tg around 130 °C could be noticed for this block copolymer. Optical 
microscopic observations were conducted on a Leitz DMR-P microscope.
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Figure S3. DSC heating and cooling curves (10 °C/min) for 
PE045-Z>-P(MAA,46-co-SPMA38).
3. Preparation of Block Copolymer Vesicles
PE0 4 5-i6 -P(MAA i46-co-SPMA38) was dissolved in THF at a concentration of 0.5 wt%. 
After stirring overnight, water (pH = 3, HC1) was added dropwise at a rate of 0.015 
mL/min to yield the vesicle solution (water/THF, XA in weight). The acidic water was used 
in order to keep all the carboxylic acid groups (pKa ~ 5-6)[s4] in the protonated state so 
that the P(MAAi46-co-SPMA38) block was kept hydrophobic. Afterwards, the vesicle 
solution was quenched by adding 4-fold water (pH = 1 0 ,  NaOH) to freeze the vesicles. 
THF was eliminated by evaporation under reduced pressure at room temperature. The
concentration of the solution was around 0.5 mg/mL. The final pH of the aqueous
solution was ca. 8 , which was measured by using a pH-meter (Orion 410 A+, Thermo
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Electron Corporation).
Figure S4. Optical photomicrographs showing the stability o f BCP vesicles in aqueous 
solution (concentration: 0.01 mg/mL) for various times without irradiation (image size: 
lOOjUm x 100/rm).
4. Stability of Block Copolymer Vesicles
From Figure S4, it can be seen that without UV irradiation, the BCP vesicles could be 
stable for 2-3 h under stirring. After 4.5 h, some vesicles started to dissolve. Because of 
the glassy membrane of the vesicles (kinetically stabilized), it is difficult for aqueous 
hydroxide to diffuse in, which explains the 2-3 h stability. As the time goes on, the slow 
diffusion of aqueous hydroxide begins to ionize the carboxylic acid groups and the 
membranes become increasingly hydrophilic and get dissolved.
5. Effect of Photoisomerization on Block Copolymer Vesicles
Figure S5 shows that after UV-induced dissociation and aggregation of BCP vesicles, 
irradiation of the solution with visible light (400-500 nm, 35.6mW/cm2) could partially 
convert charged MC back to neutral SP moieties (from absorption spectra and color 
change). This had for effect to re-disperse some aggregates due to diminished number of
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charges.
6. Loading and Release of Pyrene
50 fiL of the pyrene stock solution in THF (1.5 mg/mL) was added to an empty vial. To 
this vial was added 2 mL of the stock block copolymer vesicle solution (0.5 mg/mL) in 
acidic water. This solution was stirred vigorously at room temperature for 1 hr. After
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Figure S5. Optical photomicrographs showing the effect o f the reversible SP-MC 
photoisomerization upon UV and visible light irradiation on the aggregation state o f 
vesicles (concentration: 0.01 mg/mL) (image size: 100/mi x 100/im) and the 
corresponding absorption spectra o f the BCP solution.
removal of THF, the vesicle solution was diluted to 0.025 mg/mL and the final pH of the 
system was adjusted to 8 . To investigate the change in fluorescence emission of pyrene 
(^ = 3 3 9  nm) upon UV light irradiation of the vesicle solution, 2.5 mL of the solution 
was placed in a standard cuvette and exposed to UV light (365 nm, intensity: 85 mw/cm2)
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for a chosen time. After turning off the irradiation, the solution in the cuvette was used to 
record the fluorescence emission spectrum.
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1.3. Conclusion of the project
In this project, a novel strategy to optically trigger BCP vesicle dissociation was 
demonstrated. By designing an amphiphilic block copolymer with pH- and photo­
dual-responsive hydrophobic block bearing a number of spiropyran groups, and by 
controlling the BCP vesicle preparation conditions, a kinetically stable BCP vesicle due to 
its glassy membrane was obtained. Fast dissociation of the vesicles was achieved through 
a cascade of events triggered by UV-induced isomerization from neutral spiropyran to 
charged merocyanine in the membrane.
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CHAPTER 2. LIGHT-RESPONSIVE BLOCK 
COPOLYMER VESICLES BASED ON A 
PHOTO-SOFTENING EFFECT
2.1. About this project
BCP vesicle membrane, as a barrier to separate its aqueous interior from the environment, 
determines many functions o f BCP vesicles, including their cargo ability for loading 
drugs, their responsiveness to stimuli and the payload release kinetics. In order to disrupt 
the vesicle membrane by light absorption, the membrane forming block generally needs 
to carry a large amout of chromophores when light irradiation is used as stimuli. In this 
chapter, we present study designed to investigate a new approach based on the use of a 
liquid crystalline polymer (LCP) as the hydrophobic block. We show that by having a 
small amount o f azobenzene mesogenic groups as the comonomer units in the LCP, UV 
light irradiation can induce a liquid crystal order to disorder phase transition inside the 
vesicle membrane as a result o f the trans-cis photoisomerization of azobenzene which is 
ampilified by cooperative effect within the LC phase. This photoinduced order-disorder 
transition results in a softening effect on the vesicle membrane and thus increases its 
permeability to proton diffusion.
This work was published in Soft Matter 2011, 7, 10001-10009, by Bin Yan, Xia 
Tong, Patrick Ayotte and Yue Zhao. This research work was conducted in the Polymers 
and Liquid Crystals Laboratory, under the supervision o f Prof. Yue Zhao and 
co-supervision of Prof. Patrick Ayotte. The experiment of photoinduced order-disorder 
transition inside the membrane of polymer vesicles was carried out by Mrs. Xia Tong. I 
performed the rest of the experiments described in this publication. I wrote the first draft 
of the manuscript. Prof. Zhao finalized the manuscript with revision contributions form 
Prof. Ayotte.
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2.2.1Abstract
We report the synthesis and study of two series o f amphiphilic block copolymers (BCPs) of 
which the hydrophilic block is either poly(acrylic acid) (PAA) or 
poly(N,N-dimethylacrylamide) (PDMA) and the hydrophobic block is a side-chain liquid 
crystalline polymer (SCLCP) bearing biphenyl mesogens in majority and azobenzene 
mesogens in minority, namely, a random copolymer of 
6-[4-(4-cyanophenyl)phenoxyl]hexyl acrylate with
6-[4-(4-methoxyphenylazo)phenoxyl]hexyl acrylate (P(BiPA-eo-Azo)). Samples o f both 
BCPs, PDMA-6 -P(BiPA-co-Azo) and PAA-6 -P(BiPA-co-Azo), could form large vesicles 
in aqueous solution with a SCLCP membrane. The BCPs were designed for investigating 
photoinduced order-disorder transition of the mesogens confined inside the vesicle 
membrane as a result of the trans-cis photoisomerization of azobenzene and the LC 
cooperative effect. From photo-optical measurements on a BCP vesicle solution, we found 
evidence that photoinduced LC order-disorder transition could occur inside the vesicle 
membrane in aqueous solution. Moreover, using a pH-sensitive fluorescent probe, we 
studied the photo-softening effect on the proton transfer across the vesicle membrane. 
Similar to plasticization of the vesicle membrane upon addition of a good solvent in 
aqueous solution, photo-induced softening could increase the rate of proton diffusion from 
inside to outside of the vesicle through the SCLCP membrane.
2.2.2 Introduction
Amphiphilic block copolymers (BCP) can form stable vesicles (BCP vesicles) in aqueous 
solution. 1' 3 If one (or more) constituting block of a BCP can respond to a change in 
temperature, or pH, or to the presence of a molecular species, or to irradiation, the vesicle 
of this BCP should also be stimuli-responsive. In this way, a variety of thermo- , 4' 8 pH - , 9' 13 
redox- 14' 17 and light-sensitive BCP vesicles 18' 24 were prepared in recent years. The
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reaction of such BCP vesicles to a stimulus can have different consequences on their 
structure or morphology, including size change, 7,25’26 transformation to other types o f 
aggregates19,27' 32 and dissociation.4,14,18,22' 24 The responsiveness to stimuli renders BCP 
vesicles more appealing for potential applications.
The reversible trans-cis photoisomerization was often used to design light-responsive BCP 
vesicles. Mabrouk et al. demonstrated an elegant approach. They prepared giant 
asymmetric BCP vesicles o f which the membrane is composed of two leaflets of 
polybutadiene (inner leaflet) and a side-on liquid crystalline polymer (LCP) with 
azobenzene mesogens (outer leaflet). Upon exposure to UV light, a LC-isotropic phase 
transition occurs in the outer leaflet resulting in a contraction o f the outer monolayer along 
the membrane thickness direction, and the excess surface induces a curling instability that 
leads to the bursting of the vesicle membrane. In a report by Jin et al. , 24 the 
photo-responsive inclusion complexation of /3-cyclodextrin with azobenzene has been used 
to achieve photoinduced assembly (with c/.v-azobenzene under UV light) and disassembly 
(with trans-azobenzene under visible light). In the present study, we investigated a 
different and simpler approach as compared to the aforementioned methods. As depicted in 
Figure 1, the idea is to make BCP vesicles whose membrane can be softened upon 
absorption of photons. To achieve this effect, we designed and synthesized two series of 
diblock copolymers. They differ in the chemical identity of the hydrophilic block but 
possess the same hydrophobic block namely, a side-chain liquid crystalline polymer 
(SCLCP) bearing randomly distributed biphenyl (in majority) and azobenzene mesogens 
(in minority). Our working hypothesis is as follows. LC order may persist inside the 
membrane should the BCP form vesicles; while upon absorption of UV light, the trans-cis 
isomerization of azobenzene could induce a LC-isotropic phase transition of all mesogens 
due to the cooperative effect, exerting a softening effect on the vesicle membrane. Such 
photoinduced isothermal phase transition is well known for azobenzene-containing 
SCLCPs in the bulk37 and in microphase-separated BCP thin films under confinement.38
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Figure 1. Schematic illustration of block copolymer vesicles o f which mesogens inside 
the liquid crystalline polymer membrane can undergo an order-disorder transition induced 
by the trans-cis photoisomerization o f azobenzene and the liquid crystal cooperative 
effect.
Moreover, a number o f recent reports show that BCPs with a SCLCP block could readily 
form vesicles, sometime of very large sizes, 19' 21’26 which may facilitate the direct 
observation of a photoinduced LC order-disorder transition. As reported in this paper, 
indeed the LC cooperativity-driven photoinduced order-disorder phase transition inside the 
membrane of BCP vesicles was observed, and the photo-softening effect was evidenced by 
monitoring the kinetics of proton diffusion across the vesicle membrane through changes 
in the fluorescence from a molecular probe.
2.2.3. Experimental
Figure 2 shows the chemical structures of the BCPs and a schematic illustration of their 
chain structure. The hydrophobic block expected to form the vesicle membrane is a random 
copolymer of 6-[4-(4-cyanophenyl)phenoxyl]hexyl acrylate with 
6-[4-(4-methoxyphenylazo)phenoxyl]hexyl acrylate (denoted as P(BiPA-co-Azo)) which 
is a SCLCP with biphenyl mesogens in majority and a small amount of photoisomerizable
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azobenzene mesogens. The hydrophilic block is either poly(acrylic acid) (PAA) or 
poly(N,N-dimethylacrylamide) (PDMA). The two series o f BCPs are referred to as 
PAA-Z)-P(BiPA-co-Azo) and PDMA-i-P(BiPA-co-Azo) respectively. They were 
synthesized by using reversible addition fragmentation chain transfer polymerization 
(RAFT). Details on their synthesis and characterization using 'H NMR, DSC and 
polarizing microscopy are given in Supporting Information. BCP vesicles were obtained 
by first dissolving a polymer sample in THF (5 mg/mL unless otherwise stated), followed 
by the addition of an equal volume of deionized water to the solution at a rate o f 0 . 0 1  
mL/min. Afterward, the solution was quenched in 4-fold water (with respect to the solution 
volume). After removing THF by dialysis, an aqueous solution o f vesicles was obtained. 
For the proton diffusion experiment, the encapsulation o f the pH-indicator dye followed 
the procedures described in some literatures.2 5 ,39
R R,
Ri = ------0 - ( c H 2 - h - 0 OCH
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PDMA-fr-P(BiPA-co-Azo)
PAA-ft-P(BiPA-co-Azo)
Figure 2. Schematic illustration and the chemical structures o f synthesized amphiphilic 
block copolymers whose hydrophobic block is a side-chain liquid crystalline random 
copolymer bearing biphenyl and azobenzene mesogens.
2.2.4. Results and Discussion
2.2.4.1. Block Copolymer Synthesis and Characterization
The characteristics of the two series of BCP samples are summarized in Table 1. In both 
cases, the hydrophilic block was first synthesized using RAFT to yield a macromolecular 
chain transfer agent (macro-CTA), which was then used to grow the hydrophobic SCLCP 
block of P(BiPA-co-Azo). For PDMA-6 -P(BiPA-co-Azo), the same macro-CTA, 
PDMA37-CTA, was utilized. By varying the feed ratio o f biphenyl and azobenzene 
monomers, BCP samples with different lengths and compositions of the SCLCP block 
were prepared (P0-P6 in Table 1). In the case o f PAA-6 -P(BiPA-co-Azo), a 
poly(tert-butyl acrylate) macro-CTA, P/BA40-CTA, was synthesized and used to prepare 
BCP samples o f P/BA-6 -P(BiPA-co-Azo); the latter was then subjected to a hydrolysis 
reaction to remove tert-butyl groups, yielding the target amphiphilic BCP of 
PAA-ft-P(BiPA-co-Azo) (P7-P12). For each BCP sample, the composition was determined 
from its !H NMR spectrum by comparing the integrals o f the resonance peaks o f 
azobenzene at ~ 7.83 ppm, biphenyl group at 7.40-7.72 ppm, methyl groups of PDMA at 
2.9-3.2 ppm and methyl groups of PtBA at 1.5 ppm (spectra in the Supporting 
Information). Their number-average molecular weight (Mn), calculated from 'H NMR and 
estimated from GPC using polystyrene (PS) standards, are also shown in Table 1. All 
samples have a low polydispersity index (PDI). Figure 3 shows examples o f GPC curves, 
confirming well-controlled growth o f the SCLCP block with the two series o f samples. All 
BCP samples display liquid crystalline (LC) phases as can be noticed from the examples of 
DSC heating curves in Figure 4. On the one hand, for PDMA-i-P(BiPA-co-Azo) (Figure 
4a), the PDMA block alone, PDMA37-CTA (sample P0), is amorphous and has a Tg at ~ 78 
°C. For the BCP sample PI, whose SCLCP block contains only biphenyl mesogens, Tg 
decreases to about 40 °C while the LC-isotropic endotherm arising from the PBiPA6 i block 
is observed at around 90 °C. The presence o f azobenzene mesogens in the SCLCP block in
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sample P2, while having a similar number o f biphenyl groups, merely causes the clearing 
temperature to increase by about 10 °C. This behaviour is expected for such a random 
copolymer because the SCLCP with only azobenzene mesogens has a higher LC-isotropic 
transition temperature.40 Comparing sample P4 with P2, the reduced LC-isotropic 
transition temperature is interpreted as being caused by the lower molecular weight o f the 
SCLCP block (Table 1). In these PDMA-bearing BCP samples, the Tg o f the hydrophilic 
block is hardly discernible as compared to the PDMA37-CTA (sample P0).
P2 P 4 P 6 P0
7 8 9
P 9P11 P13 P7
7 8 9
Elution Time (min) Elution Time (min)
Figure 3. GPC curves of various samples of (a) PDMA-6 -P(BiPA-co-Azo) and (b) 
PfBA-i-P(BiPA-co-Azo). Samples characteristics are shown in Table 1.
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Figure 4. DSC heating curves (second scan) of various samples for (a) 
PDMA-A-P(BiPA-co-Azo) and (b) PAA-A-P(BiPA-co-Azo) and PtBA-i-P(BiPA-co-Azo). 
Samples characteristics are shown in Table 1.
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Table 2. Characteristics o f Synthesized Amphiphilic Liquid Crystalline Block Polymers 
Sample Abbreviation and compositiona Mn GPC) Mn(NMR) PDI (GPC)
PO PDMA37-CTA 3000 3700 1.09
PI PDMA37-6 -PBiPA6i 20700 29100 1.13
P2 PDMA37-6-P(BiPA5o-co-Azo6) 18900 23600 1.14
P3 PDMA37-6-P(BiPA4o-co-Azo2) 14700 18800 1 .2 1
P4 PDMA37-6 -P(BiPA35-co-Azo3) 13700 17300 1.19
P5 PDMA37-6-P(BiPA26-C0-Azc>4) 1 1 2 0 0 14500 1.23
P6 PDMA37-6 -P(BiP A2 1 -co-AZ0 4 ) 10300 12700 1 . 2 2
P7 PfBA40-CTA 3900 4500 1.05
P8 b PAA40 - - -
P9 PfBA4O-6-P(BiPA56-C0-Azo2) 24700 29100 1 .1 1
P10 PAA4o-6-P(BiPA56-C0-Azo2) - - -
P ll PrB A40-6 -P(BiP A36-C0 - Azo 12) 16900 23600 1 . 2 2
P12 P AA4 0-6 -P(BiP A36-C0 -Azo 12) - - -
P13 PfB A4 0-6 -P(BiP A 18-co-Azo 1 g) 12900 18800 1.26
a PDMA-CTA = poly (N, N-dimethylacrylamide) chain transfer agent. P/BA-CTA = poly (7er 7-butyl 
acrylate) chain transfer agent. P(BiPA-co-Azo) = random copolymer o f  
6-[4-(4-methoxyphenylazo)phenoxyl]hexyl acrylate (Azo) and 6-[4-(4-cyanophenyl)phenoxyl]hexyl 
acrylate (BiPA). PAA=poly(acrylic acid). In the sample abbreviation, the subscript indicates the number 
o f repeat monomer units. Mn (GPC) = number-average molecular weight (g mol"') measured by gel 
permeation chromatography using polystyrene standards for calibration. M„ (NMR) = number-average 
molecular weight (g mol"1) estimated from 'H NMR spectra based on Mn (NMR) o f PDMA-CTA or 
PtBA-CTA and the block copolymer composition, comparing the integrals of the resonance peaks o f
azobenzene at 7.83 ppm, biphenyl group at 7.40-7.72 ppm, PDMA methyl groups at 2.9-3.2 ppm, or 
PtBA methyl groups at 1.5 ppm. PDI (GPC) = polydispersity index. b All samples o f or with PAA were 
obtained by hydrolysis o f  their PtBA counterparts in CH2 CI2 with addition o f 5-fold molar excess o f  
CF3COOH (with respect to t-butyl groups) at room temperature for 24 h. The complete hydrolysis o f  
t-butyl groups was confirmed by 'H NMR spectroscopy.
In the case of PAA-6 -P(BiP A-co-Azo) (Figure 4b), the PAA40 block is also amorphous 
with a Tg lying at about 108 °C, while the BCP samples all show a LC-isotropic transition 
peak similar to those observed in PDMA-6 -P(BiP A-co-Azo) (Figure 4a). Comparing 
samples P12 and P10, the higher content o f azobenzene mesogens in P12 results in a higher 
LC-isotropic phase transition temperature than that displayed by P10. Interestingly, P l l ,  
which is the precursor o f sample P12 before hydrolysis of the P/BA block, has a lower 
thermal stability o f the LC phase, suggesting that PAA has different interfacial interactions 
with P(BiPA-co-Azo) than P/BA does. It is possible that P/BA has a better miscibility with 
the SCLCP block which could result in a reduction of the clearing temperature. For all 
amphiphilic LC-BCP samples, the Tg of the amorphous hydrophilic block (PDMA and 
PAA) is not visible in the thermograms (i.e., Figure 4a and 4b, respectively) likely due to 
their very small weight fractions in the BCPs (<20% for samples in Figure 4).
2.2.4.2. Bireffingent Block Copolymer Vesicles in Aqueous Solution
Most BCP samples in Table 1 can self-assemble into vesicles under the preparation 
conditions described above. Generally, the vesicles o f PAA-Z>-P(BiPA-co-Azo) are larger 
than those of PDMA-6 -P(BiP A-co-Azo) and can be observed in aqueous solution directly 
with an optical microscope. In solution, the vesicles appear as bireffingent particles that 
twinkle constantly due to motion. A polarizing photomicrograph of such a solution is 
shown in Figure 5a, along with TEM images of the vesicles of both BCPs in the dry state 
shown in Figure 5b and 5c. The birefringence of the vesicles in solution, as demonstrated 
under crossed polarizers observations with optical microscopy, is a straightforward 
indication that the SCLCP block forms a LC membrane.
57
Figure 5 (a) and (b) Polarizing optical micrograph and TEM image o f vesicles of 
PAA4o-&-P(BiPA56-co-Azo2) in aqueous solution and in the dry state, respectively, (c) 
TEM image of vesicles of PDMA37-Z>-P(BiPA5o-co-Azo6) in the dry state.
(a) (b) (c)
Figure 6 . (a) and (b) Polarizing optical micrograph of PDMA37-Z>-P(BiPA5o-co-Azo6) in 
aqueous solution with KI at two concentrations o f 0.01 M and 0.08 M, respectively, (c) 
TEM image of vesicles in the dry state, cast from the solution with 0.08 M KI.
An interesting phenomenon was observed with PDMA-6-P(BiP A-co-Azo) BCP 
vesicles. In deionised water, the vesicles are not big enough to be visible with an optical 
microscope. However, by adding a salt to the solution while keeping all other conditions 
the same, the vesicle formed become large enough and observable by optical microscopy. 
Figure 6 shows an example of this phenomenon. By adding KI in a solution o f P2, 
birefringent vesicles becomes discernible at a salt concentration of -  0.01 M, and their 
average size increases with increasing salt concentration, reaching diameters on the order
of several micrometers. This can be noticed from the polarizing photomicrographs in 
Figures 6 a and 6 b, and TEM image in Figure 6 c. Moreover, there is a clear LC texture 
appearing under crossed polarizers: most vesicles appear to display a dark cross which is 
reminiscent of the texture characterizing LC droplets within which mesogens adopt a radial 
configuration where LC directors orient normal to the spherical interface. A vesicle is a 
hollow capsule, but if biphenyl and azobenzene mesogens in the vesicle membrane formed 
by P(BiPA-co-Azo) are aligned normal to the interface with hydrated PDMA chains, such 
a LC texture could be expected. It is well known that ions in aqueous solution could affect 
the interactions between LC molecules and induce a perpendicular anchoring at the 
interface.41 It seems that by interacting with the polymer and water molecules, dissolution 
of KI in the vesicle solution of PDMA-6 -P(BiPA-co-Azo) could affect the BCP 
self-assembly behaviour and the order o f mesogens inside the membrane. Other salts (KBr, 
KC1, K2CO3) were also utilized and similar effects were observed.
The above results show evidence that both PAA-6 -P(BiP A-co-Azo) and 
PDMA-6 -P(BiPA-co-Azo) can form large vesicles with a LC membrane in aqueous 
solution. On the basis o f TEM images, the membrane thickness for sample P8  is about 16 
nm while that for sample P2 is close to 12 nm. The vesicle membrane is a nanoscale 
domain and the mesogens inside are thus be subjected to confinement effects, which could 
affect the LC ordering with respect to the bulk state. To get some insight into the identity o f 
the LC phase that reside inside the membrane, vesicles formed from sample P2 in aqueous 
solution were prepared, collected by freeze-drying, and used for DSC and X-ray diffraction 
measurements. No salt was added in the solution in order to avoid complications due to the 
presence of salt crystals that may form in freeze-dried samples. X-ray diffraction 
measurements showed the absence o f any smectic ordering in the freeze-dried vesicles 
samples, similarly to observations made in bulk polymer samples (data not shown). This 
suggests that mesogens form a nematic phase inside the vesicle membrane. As for DSC 
analyses, the first heating scan of the vesicle samples displayed a large enthalpy relaxation
endotherm around Tg, which disappeared in the second scan; the LC-isotropic phase 
transition occurred at temperatures similar to those displayed by bulk samples o f P2 
(Supporting Information).
2.2.4.3. Photoinduced Order-Disorder Phase Transition inside Vesicle Membrane
By solubilizing a small amount o f an azobenzene compound in a small-molecule 
liquid crystal host, and inducing the trans-cis isomerization of the chromophore by UV 
irradiation, multiple isothermal photochemical processes can take place, including phase
3 8  4 2transition and phase separation. ’ The stable trans azobenzene provides an elongated 
core for mesogens, while the bent cis form is incompatible with and able to disrupt an 
ordered LC phase, allowing photochemical control over the order-disorder transition 
processes. In the case of SCLCPs that bear a small amount of azobenzene moieties mixed 
with another type of mesogens, like in P(BiPA-co-Azo), the photoinduced order-disorder 
phase transition can readily occur due to a LC cooperative effect, especially at 
temperatures close to that o f the LC-isotropic phase transition.37 In thin films of 
azobenzene-containing BCPs, such photoinduced order-disorder transition was also 
evidenced. However, the process is slower than in random copolymers due to the 
presence of confinement exerted by microphase-separated nanodomains. In the present 
study, it is of fundamental interest to know whether photoinduced and LC 
cooperativity-driven order-disorder transition can occur inside vesicle membranes in 
aqueous solution. As already mentioned, our working hypothesis is that such photoinduced 
order-disorder transition could provide an optical softening effect on the vesicle 
membrane. We carried out investigations with the vesicles of P2 and the results confirmed 
our working hypothesis.
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Figure 7. UV-vis spectra of a vesicle solution of PDMA37-6 -P(BiPA5o-co-Azo6) (2mL, 
0.5 mg/mL) before, right after UV irradiation (365 nm, 85 mW/cm2, 3 min), after 40 min 
in the dark and after subsequent visible irradiation (400-500 nm, 40 mW/cm , 5 min).
The occurrence of the reversible trans-cis photoisomerization o f azobenzene mesogens 
inside the membrane of the BCP vesicles in aqueous solution was first confirmed from 
UV-vis spectroscopic measurements. Figure 7 shows the absorption spectra o f a vesicle 
solution of P2. At a vesicle concentration of 0.5 mg/mL, the absorption features from 
azobenzene mesogens in the trans form at around 360 nm, as well as the absorption features 
due to the biphenyl mesogens near 300 nm, are much too intense relative to cis- and trans- 
azobenzene to be analysed. However, after UV exposure of the solution, the appearance o f 
an absorption shoulder band near 450 nm clearly indicates the formation of cis azobenzene. 
The thermal stability of the azobenzene mesogens inside the vesicle membrane can be 
noticed from the fact that absorption spectra from vesicles solutions remain essentially 
unchanged by keeping the solution in the dark 40 min after UV exposure. After subsequent 
visible irradiation, the absorption band of cis azobenzene disappears indicating the reverse 
cis-trans photoisomerization. O f course, the thermally activated cis-trans isomerization 
becomes faster when the vesicle solutions are heated to higher temperatures. In order to 
detect the photoinduced order-disorder transition inside the vesicle membrane, we carried 
out the following experiment. A drop o f the vesicle solution was deposited on a glass slide 
inside a temperature-controlled hot stage that was positioned on the stage of an optical
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microscope. The transmission intensity o f the illuminating light through the vesicle 
solution between crossed polarizers was measured by using a high-speed photodetector 
connected to a digital oscilloscope.42 As the photodetector replaces a digital camera on the 
microscope, the sampling area o f the solution corresponds to the photomicrograph frame 
whose size is determined by the objective. Irradiation with UV or visible light could be 
applied from the top of the solution through a quartz window. Figure 8 shows the results. 
At 25 °C, no change in transmittance is observed upon exposure o f the vesicle solution to 
UV and visible light. This is understandable because the solution temperature is below the 
Tg of the SCLCP membrane and far from the clearing temperature of the mesogens (~ 100 
°C). Although the trans-cis photoisomerization of azobenzene takes place under UV 
irradiation, the lack of mobility and high viscosity prevents the disordering of biphenyl 
mesogens. By contrast, at 65 °C, with the SCLCP membrane in the LC phase and closer to 
the clearing temperature, the transmittance decreases upon exposure of the solution to UV 
light, indicating the occurrence of order-disorder transition inside the membrane. The 
transmittance level remains unchanged after turning off the UV light for about 40 s, which 
is a consequence of the high thermal stability o f the cis isomer. Subsequently, upon 
exposure of visible light, the transmittance increases as a result of the reverse cis-trans 
isomerization of azobenzene that restores the LC order inside the membrane. Interestingly, 
despite the small signal changes, which is due to the limited number of vesicles in the small 
sampling area (~ 750/zm x 1125 /zm), the characteristics o f the order-disorder transition are 
similar to what is known with azobenzene BCPs when the photochemical process occurs in 
the solid state under confinement within microphase separated nanodomains.38 That is, the 
photoinduced transition from an ordered to a disordered state proceeds faster than the 
recovery of order from a disordered state. Also shown in Figure 8 are photomicrographs of 
the vesicle solution taken before (Figure 8a) and after (Figure 8b) UV light irradiation, and 
after subsequent visible light irradiation (Figure 8c). The reversible change in the sample 
birefringence, resulting in the decrease or increase o f the solution transmittance under
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crossed polarizers, is clearly visible. A final note is that the transmittance level prior to UV 
irradiation is lower at 65 °C than at 25 °C. This may reflect a reduced LC order inside the 
vesicle membrane at elevated temperatures. These results provide evidence that the 
photoinduced order-disorder phase transition o f all mesogens arising from the trans-cis 
photoisomerization of a small amount o f azobenzene moieties can occur inside the 
membrane of BCP vesicles in aqueous solution.
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Figure 8. Change in transmittance of a vesicle solution of PDMA37-6 -P(BiPA5o-co-Azo6) 
(0.08 M KI) upon UV irradiation (365 nm, 10 mW/cm2) for 50 s, after turning off UV for 
50 s and upon visible irradiation (400-500 nm, 1 mW/cm2) for 60 s, at 25 and 65 °C. The 
polarizing optical micrographs were taken with the solution: (a) before UV irradiation, (b) 
after UV irradiation and (c) after subsequent visible irradiation. Image area: 71/im x 
71 fim.
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Figure 9. Evolution of the fluorescence excitation spectrum (A.em“ 509 nm) over time for 
HPTS (structure shown as inset) added in a vesicles solution of 
PDMA37-6 -P(BiPA5o-co-Azo6) with a pH gradient. Before adding HPTS, the vesicle 
solution was exposed to UV light to obtain c/.v-azobenzene in the vesicle membrane.
2.2.4.4. Photo-Softening Effect on Proton Diffusion through Vesicle Membrane
Eisenberg et al. showed that the plasticization of the vesicle membrane o f BCPs by an 
organic solvent added to the aqueous solution could result in faster proton diffusion across 
the membrane, from the vesicle interior to the outside solution . 393 The proton diffusion 
kinetics could be monitored by recording the excitation spectrum of 
8-hydroxypyrene-l,3,6-trisulfonic acid trisodium salt (HPTS) o f which the ratio o f the 
intensities of the band peaked at 454 nm to that peaked at 403 nm (A.em = 509 nm) is 
dependent on the pH of the solution.43 To investigate the photo-softening effect on the 
membrane of the LC-BCP vesicles, we employed HPTS to examine the proton diffusion 
kinetics before and after the trans-cis photoisomerization of azobenzene mesogens within 
the membrane. The photoinduced order-disorder transition inside the vesicle membrane is 
more prominent at elevated solution temperatures. However, the thermal relaxation of cis 
azobenzene also becomes faster, which makes it impossible to follow the proton diffusion 
process in the disordered state because of the rapid cis-to-trans thermal isomerization rate
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which restores the ordered state quickly. In principle, the effect can be monitored under 
continuous UV exposure which preserves the disordered state, but the fluorescent probe 
HPTS is sensitive to UV irradiation, which could potentially interfere with the monitoring 
of the proton transport kinetics.44 Taking the above into consideration, we first carried out 
measurements o f HPTS fluorescence at room temperature by using vesicles o f P2 formed 
in water without salt. In this vesicle solution, the actual Tg o f the SCLCP membrane may be 
in the vicinity of room temperature. Moreover, even in the glassy state, it is known that the 
trans-cis photoisomerization of azobenzene results in a plasticization effect that is the 
origin o f the photoinduced surface relief gratings. 32,45’46
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Figure 10. Plot of proton concentration [H+] (calculated from the excitation spectra of 
HPTS) vs. time for a vesicle solution of PDMA37-6 -P(BiPA5o-co-Azo6) with a pH 
gradient at room temperature. The inset is the rescaled result obtained with the solution 
without UV irradiation.
For this experiment, after dissolving P2 in THF at a concentration of 5mg/mL, water at 
pH=3 was added to induce the formation of vesicles. Upon removal of THF by evaporation 
and dilution of the solution to a BCP concentration of 0.5 mg/mL using water at pH=3, an 
aqueous vesicle solution with pH~3 for both inside and outside the vesicles was obtained at 
equilibrium (pH measured using a pH meter). Afterwards, NaOH (0.1 N) was added and 
the solution stirred for 3min to reach pH=8.9, triggering a net proton diffusive flux from
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inside to outside of the vesicles across its membrane. Immediately after this pH change, an 
aliquot o f the solution (1.5 mL) was placed in a cuvette and exposed to UV light (365 nm
•y
UV, 85 mW/cm , 3 min), while the other part (1.5 mL) was stored in the dark without 
exposure to light. Then, to the two solutions, o f which one has trans azobenzene mesogens 
and the other one has cis isomers inside the vesicle membrane, a HPTS solution (0.4 mM) 
was added to obtain a probe concentration of ~ 0.1 fiM, and their excitation spectra 
(Xem=509 nm) were recorded over time. Figure 9 shows the excitation spectra o f the vesicle 
solution after UV exposure taken at various times after the pH change. The spectral 
changes indicate that the proton diffusion in this system is a very slow process (several 
hours). As more protons pass through the membrane and migrate to the outside o f the 
vesicles at pH = 8.9, the band at 403 nm becomes more intense at expense o f the 454 nm 
band, as a result o f the decreasing pH in the outside solution. From the relative intensities 
o f the two bands, the change in the proton concentration could be calculated.25,39,43 The 
results obtained for the two solutions with, respectively, trans azobenzene (before UV 
irradiation) and cis azobenzene (after UV irradiation) are shown in Figure 10. It is clear that 
the trans-cis photoisomerization of azobenzene mesogens has a drastic effect on the 
kinetics of the proton diffusion. With cis azobenzene in the membrane, the proton diffusion 
rate increases considerably as compared to trans azobenzene. After 5 h, the proton 
concentration with cis azobenzene in the vesicle membranes, as sensed by HPTS, is more 
than 20 times that with trans azobenzene. It should be mentioned that due to the very small 
fraction o f the solution inside the vesicles (~ 0.01%), the pH decrease o f the outside 
solution as a result o f the proton diffusion is rather small. Measurements were also 
performed with vesicle solutions at 40 °C. At this temperature, the SCLCP membrane is 
slightly above Tg and in the LC phase; the order-disorder transition arising from the 
trans-cis photoisomerization is allowed to occur, but to a lesser extent than at higher 
temperatures. Although the thermally activated relaxation of cis azobenzene back to the 
trans form becomes much faster than at room temperature, the effect of the remaining cis
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azobenzene on the proton diffusion could still be observed at this temperature. In other 
words, 40 °C is a temperature of compromise, where the photochemical order-disorder 
transition is allowed, while the thermal relaxation of cis azobenzene is not yet too fast to 
make the photoinduced effect undetectable. Figure 11 shows the results. Prior to UV 
irradiation (with trans azobenzene), the proton diffusion appears to be only very slightly 
faster than at room temperature. After UV irradiation (with cis azobenzene and the 
resulting order-disorder transition), the proton diffusion becomes much faster. After 5 h, 
the difference in the ratio of the proton concentrations in the solutions after and before 
photoisomerization is about 7 as compared to >20 at room temperature (Fig. 10). This 
smaller photoinduced effect observed at 40 °C can be explained by the faster thermal 
relaxation of cis azobenzene inside the vesicle membrane, resulting in a smaller and 
continuously decreasing amount of cis azobenzene and the concomitant recovering of LC 
order. This can also be noticed from the apparent stabilization in the proton concentration 
at 40 °C after 250 min.
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Figure 11. Plot o f proton concentration [H+] (calculated from the excitation spectra o f 
HPTS) vs. time for a vesicle solution of PDMA37-6 -P(BiPAso-co-Azo6) with a pH gradient 
at 40 °C. The inset is the rescaled result obtained with the solution without UV irradiation
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The above results show that the trans-cis photoisomerization o f azobenzene mesogens 
inside the SCLCP vesicles can induce a softening effect that increases the proton diffusion 
rate through the membrane. This phenomenon is similar to the plasticization effect 
observed by adding a good solvent for the membrane in an aqueous vesicle solution.393 
Since the photoisomerization of azobenzene is reversible upon alternating UV (~ 360 nm) 
and visible light (~ 440 nm) irradiation, the photo-softening effect should also be 
reversible. However, since the fluorescent dye HPTS used in this work is sensitive to both 
UV and visible light, the reversibility of the photoinduced effect (with, for example, 
repeated cycles of UV and visible light exposures) could not be measured with certainty 
since the irradiations could also contribute to changes in the excitation spectra o f the dye. 
This is the reason for which the measurements in Figures 10 and 11 were performed with 
HPTS added after the trans-cis photoisomerization.
2.2.5. Conclusion
We synthesized two series of amphiphilic BCPs, PDMA-6 -P(BiPA-co-Azo) and 
PAA-6 -P(BiPA-co-Azo), which differ in the hydrophilic block but have the same SCLCP 
hydrophobic block containing biphenyl mesogens in majority and a small amount o f 
azobenzene mesogens. Both BCPs could form large vesicles in aqueous solution with a 
SCLCP membrane. The BCPs were designed for investigation of the photoinduced 
order-disorder transition of the mesogens confined within the vesicle membrane as a result 
o f the trans-cis photoisomerization of azobenzene and the LC cooperativity. Photo-optical 
measurements on a vesicle solution provided evidence that a photoinduced LC 
order-disorder transition within the vesicle membrane occurred in aqueous solution. Using 
pH-sensitive HPTS as a fluorescent probe, we found a photo-softening effect on the vesicle 
membrane. Similar to plasticization of the vesicle membrane by adding a good solvent in 
aqueous solution, the photoinduced softening results in an increase in the rate o f proton 
diffusion from the interior to outside o f the vesicle through the SCLCP membrane.
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2.2.6. Supporting Information
2.2.6.1 Synthesis
Materials All reagents were purchased from Aldrich at the highest purity available and 
used as received unless otherwise stated. 2, 2 ’-Azobis(isobutyronitrile)(AIBN) 
(Polyscience) was recrystallized twice from ethanol before use. The azobenzene 
monomer, 6-[4-(4-methoxyphenylazo)phenoxyl]hexyl acrylate (Azo) , 1 and the monomer
'y
displaying a biphenyl group, 6-[4-(4-cyanophenyl)phenoxyl]hexyl acrylate (BiPA), were 
synthesized according to literature methods. The chain transfer agent (CTA), 
2 -dodecylsulfanylthiocarbonylsulfanyl-2 -methyl propionic acid, was synthesized as 
previously described.3
Synthesis of Diblock Copolymers PDMA-A-P(BiPA-ctf-Azo) The macro-CTA, 
PD M A 3 7 -CTA, was synthesized using a method taken from the literature3 and the details 
will thus not be repeated here. However, the synthesis of one BCP is briefly described 
below. BiPA (0.4236 g, 1.20 mmol), Azo (0.0560 g, 0.50 mmol), macro-CTA (0.0900 g, 
0.03 mmol), and AIBN (1.4 mg, 0.0090 mmol) were added into a 5 mL one-necked flask. 
Then, dimethylsulfoxide (0.5 mL) was added to dissolve the mixture. After purging 15 
min with nitrogen, the flask was sealed and placed in an oil bath preheated to 80 °C for 2 
hr. The solution was diluted with THF and dripped into anhydrous ethyl ether for 
precipitation of the BCP. The purification was repeated three times before the sample was 
collected and dried in a vacuum oven at room temperature for 24 h. Yield: 50 %. In this 
case, the sample obtained was PDMA37-6 -Poly (BiPAso-co-Azo6).
Synthesis of Diblock Copolymers PAA-A-P(BiPA-co-Azo) The synthesis of the 
macro-CTA, P/BA40-CTA, followed a procedure taken from the literature4 and will thus 
not be repeated. An example of the BCP synthesis is detailed here. BiPA (0.2824 g, 8.000 
mmol), Azo (0.0300 g, 0.800 mmol), PtBA40-CTA (0.0800 g, 0.020 mmol), AIBN (0.8 mg,
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0.009 mmol) were added into a 5 mL one-necked flask. They were then dissolved in 
dimethylsulfoxide (0.7 mL). After 15 min of nitrogen purging, the flask was sealed and 
placed in a preheated oil bath at 80 °C for 2 h. The reaction solution was diluted with 
THF and dripped into cold anhydrous ethyl ether for precipitation o f the sample. The 
purification was repeated three times, and the sample was collected and at room 
temperature for 24 h in a vacuum oven. The diblock copolymer obtained was 
P/BA40-/>-P(BiPA5o-co-Azo4) (P9 in Table 1), which was then used to prepare 
PAA4o-6 -P(BiPA5o-eo-Azo4) through hydrolysis. In a typical reaction, 
PtBA4 o-6 -P(BiPA5o-co-Azo4) (223 mg) was dissolved in CH2CI2 (2 mL) followed by the 
addition of a 5-fold molar excess o f trifluoroacetic acid (with respect to the amount of 
t-butyl groups in the copolymer) (0.5 g). The reaction mixture was stirred at room 
temperature for 24 h. After purification by precipitation in ether, the BCP of 
PAA-6 -P(BiPA-co-Azo) was collected and dried in a vacuum oven at room temperature.
2.2.6 .2. Characterizations
*H NMR spectra were obtained with a Bruker Spectrometer (300 MHz, AC 300). Gel 
permeation chromatography (GPC) measurements were performed using a Waters system 
equipped with a refractive index and a photodiode array detector; THF was used as eluent, 
and flowed at a rate of 0.5 mL/min, while polystyrene (PS) standards were used for 
calibration. A Perkin-Elmer DSC-7 differential scanning calorimeter (DSC) was used to 
investigate the phase transition behaviors. Indium was used as the calibration standard 
while heating or cooling rates were set to 10 °C /min. Polarizing optical microscopic 
(POM) observations were conducted on a Leitz DMR-P microscope equipped with an 
Instec hot stage. UV-vis spectra were recorded with a Varian 50 Bio spectrophotometer. 
Transmission electron microscopy (TEM) observations were carried out using a Hitachi 
H-7500 microscope at an acceleration voltage of 80 kV. For sample preparation, 5 pL of a 
given vesicle solution was deposited on a TEM copper grid and dried at room
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temperature. UV and visible lights used for irradiation of vesicle solutions were generated 
by a spot curing system (Novacure 2100) combined with a UV filter (centered at 365 nm) 
and a visible light filter (in the 400-500 nm region).
Figure S I shows the 'H  N M R  spectra o f PDMA37-CTA and PDMA37-6-P(BiPA5o-co-Azo6) 
(samples P0 and P2 in Table 1 respectively). The BCP composition could be determined 
by comparing the integrals of the resonance peaks o f azobenzene at ~ 7.83 ppm, of 
biphenyl group at 7.40-7.72 ppm, of PDMA methyl groups at 2.9-3.2 ppm and of PtBA 
methyl groups at 1.5 ppm.
C*»»,
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Figure SI. Examples o f *H NMR spectra of polymers: (a) P2; and (b) P0 (Table 1) as 
representative examples
2.2.6 .3. Polarizing Optical Microscope Images
Figure S2 shows polarized optical micrographs of three BCP samples: 
PDMA37-6 -P(BiPA5o-co-Azo6) (P2); PtB A4o-^-P(BiPA36-co-Azo, 2) (P ll); and 
PAA40-6 -P(BiPA36-coA zo 12) (P12). The micrographs were recorded at 60 °C upon
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cooling the BCP thin films from the isotropic phase and into the LC phase. The 
apparently different textures should be a reflection o f the influence of the hydrophilic 
block on the LC domain development in the solid state.
Figure S2. Polarizing optical micrographs of liquid crystal block copolymers: (a) P2; (b) 
P 11; (c) P 12. All of them were annealed at 60 °C (Picture area: 81 fim x 81 fim).
2.2.6A. DSC of BCP Vesicles
Vesicles of P2 were collected by freeze-drying of an aqueous solution yielding a powder 
sample. Figure S3 shows the DSC heating curves of the freeze-dried vesicles. A large 
enthalpy relaxation endotherm is observed around 50 °C on the first heating scan, which 
is not unusual for polymer samples prepared by ffeeze-drying (i.e., unrelaxed); a
1st heating
2nd heating■a
T
0 50 100 150
Temperature (°C)
Figure S3. DSC curves of the P2 vesicle powder
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LC-isotropic transition can also be noticed near 100 °C. This observation suggests the 
presence of a LC phase within the vesicle membrane. After cooling from the isotropic 
phase, the second scan shows Tg and LC-isotropic transitions similar to those observed in 
bulk samples o f P2.
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2.3 Conclusions of the Project
We designed and synthesized a series o f novel amphiphilic LC block copolymers with the 
hydrophobic block containing a small amount o f azobenzene groups and used them to 
prepare photoresponsive BCP vesicles. Under UV irradiation, a LC order-disorder 
transition was induced in the obtained BCP vesicle membrane as a result of trans-cis 
isomerization of azobenzene which disrupted the LC phase through a cooperative effect. 
This photoinduced order-disorder transition has a softening effect similar to that resulting 
from plasticization of the BCP vesicle membrane with good solvent. With the help o f a 
fluorescent pH probe, we have proved that the membrane permeability can be 
photo-controlled. This photoinduced softening greatly increased the rate of the proton 
diffusion from the vesicle interior to the outside through the BCP vesicle membrane.
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CHAPTER 3. NEAR INFRARED LIGHT-TRIGGERED 
DISSOCIATION OF BLOCK COPOLYMER MICELLES 
USING UPCONVERTING NANOPARTICLES
3.1. About this project
Driven by their great potential for controlled drug delivery applications, there has been 
growing interest in designing and studying photoresponsive BCP micelles. Light enables 
remote activation, and provides spatial and temporal control. Although many reports 
regarding photoresponsive BCP micelles have appeared in the literature, all o f their 
photoreactions require high-energy UV or visible light excitation. As compared to UV or 
visible light, NIR light is more attractive and practical for biological application. 
Two-photon absorption of NIR light has been explored in designing NIR light-responsive 
BCP micelles. However, there are few chromophores having a practical two-photon 
absorption cross section, and the accessibility o f femtosecond pulse lasers restricts their 
further development and potential application. In this project, we developed a novel 
strategy for NIR-light induced dissociation of BCP micelles by using lanthanide-doped 
upconverting nanoparticles (UCNPs). By encapsulating these UCNPs into micelles of 
poly(ethylene oxide)-6-poly(4,5-dimethoxy-2-nitrobenzyl methacrylate), 980 nm NIR 
light excitation induces UV light emission from UCNPs, which is then absorbed by 
o-nitrobenzyl moieties. The resulting photocleavage reaction in micelle core-forming 
block leads to the micelle dissociation and concomitant release o f payloads.
This work was published in Journal o f  the American Chemical Society 2011, 133, 
19714-19717, by Bin Yan, John-Christopher Boyer, Neil R. Branda, and Yue Zhao. This 
work was carried out in the Polymers and Liquid Crystals Laboratory, under the
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supervision of Prof. Yue Zhao. It was a collaborative work with Prof. Neil Branda’s group 
at Simon Frazer University. Dr. Boyer synthesized core-shell UCNPs and characterized 
their NIR-responsive properties. I performed the other experiments reported in this 
publication. I wrote the first draft of the manuscript. Prof. Zhao finalized the manuscript 
with revision contributions from Prof. Branda and Dr. Boyer.
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3.2. Paper published in Journal o f the American Chemical Society 2011, 
133,19714.
NIR Light Triggered Dissociation of Block Copolymer Micelles Using Upconverting 
Nanoparticles
Bin Yan, 1 John-Christopher Boyer,2 Neil R. Brand a2’* and Yue Zhao1’*
1 D epartem ent de chimie, Universite de Sherbrooke, Sherbrooke, Quebec, J1K2R1
2 4D  LABS, D epartm ent o f  Chemistry, Simon F raser University, 8888 University Drive, Burnaby, BC, 
Canada V5A 1S6
nbranda@sfu.ca. yue.zhao@usherbrooke.ca
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3.2.1. Abstract
We demonstrate a novel strategy enabling the use of a continuous-wave diode near 
infrared (NIR) laser to disrupt photosensitive block copolymer (BCP) micellar delivery 
vehicles and trigger the release of their ‘payloads’. By encapsulating NaYF4: Tm Yb 
upconverting nanoparticles (UCNPs) inside micelles of poly(ethylene 
oxide)-Woc&-poly((4, 5-dimethoxy-2-nitrobenzyl methacrylate) (PEO-6 -PNBMA) and 
exposing the micellar solution to 980 nm light, photons in the UV region (~ 350 nm) are 
generated by the loaded UCNPs, which in turn are absorbed by o-nitrobenzyl methyl 
ester groups on the micelle core-forming block, activating the photocleavage reaction and 
leading to the dissociation of BCP micelles. A hydrophobic model compound, Nile Red 
(NR), co-loaded with UCNPs in the micelles could be released upon 980 nm excitation. 
This strategy of using NIR light and UCNPs as an internal UV-visible light source 
represents an efficient and relatively universal method using a continuous-wave diode 
NIR laser to circumvent the need for UV or visible light that is a common drawback for 
light-responsive polymeric systems developed for potential biomedical applications.
3.2.2. Main Text
The growing interest in using light to trigger the disruption of block copolymer (BCP) 
micelles or vesicles is due to the possibility o f remote ‘activation’ and increased spatial 
and temporal release of loaded species from these nanovectors. 1 By incorporating 
appropriate photoresponsive moieties into'a BCP structure, photochemical reactions such 
as trans-cis isomerization, molecular dimerization and bond cleavage can lead to micellar 
disruption as a result o f the photoinduced structural and/or property changes. These 
changes include photoinduced shifting o f the hydrophilic-hydrophobic balance, 
reversible photo-cross-linking, 3 photocleavage of block junctions4 and photoinduced
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main-chain disintegration.5 Although several approaches to regulate the structure o f BCP 
micelles using light have been proved effective, a major common concern remains, which 
hampers their potential use in practical applications. All explored photoreactions require 
high-energy ultraviolet (UV) or visible light, while biomedical applications prefer 
longer-wavelength near infrared (NIR) light that has deeper penetration into tissue and is 
less detrimental to healthy cells. One way to surmount this obstacle is to utilize 
two-photon absorption of NIR light, as reported by a few groups using BCP micelles and 
other polymeric materials.6 However, the photoreactions activated by two-photon 
absorption of NIR light are generally slow and inefficient due to the typically low 
two-photon-absorbing cross-sections o f the chromophores. Moreover, the simultaneous 
absorption of two photons necessitates high laser power density and thus requires the use 
of a femtosecond pulsed laser. Recently, an appealing alternative for using NIR light 
based on lanthanide-doped upconverting nanoparticles (UCNPs) has emerged. These 
nanoparticles absorb NIR light and convert it to higher-energy photons in the UV, visible 
and NIR regions.7 In contrast to two-photon absorption, the excitation of UCNPs by NIR 
light occurs via sequential, multiple absorptions with real energy levels, which requires 
much lower power density so that a continuous-wave diode NIR laser can be sufficient as 
the excitation source. By providing the UV and visible light needed for useful 
photoreactions, UCNPs have already been used as a NIR-triggered delivery vehicle by 
coating the ‘to-be-delivered’ species on the nanoparticle surface,8 and for NIR-induced 
reversible ring-closing and ring-opening of a dithienylethene photoswitch.9
In this communication, we demonstrate a novel strategy for NIR light triggered 
dissociation of BCP micelles by making use of UCNPs. As schematically illustrated in 
Figure 1 a, the strategy consists of loading the UCNPs into the micelle core, together with 
hydrophobic ‘payloads’. Upon absorption o f NIR light (980 nm), the nanoparticles emit 
photons in the UV and visible regions that, in turn, are absorbed by the photoresponsive 
moieties that make up the micelle core-forming hydrophobic block. In other words, when
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(a) NIR (980 nm)
C H jf  0 -C H 2-C H 2) K » - C - c 4 t l I 2- ^ 4 - „
« V1/3 !u3! - v4-.. 980 nm  d iode  la se r
N aY F 4 :T m Y b 
co re-shell n a n o p a r tic le s
Figure 1. (a) Schematic illustration of using NIR light excitation of UCNPs to trigger 
dissociation of BCP micelles, (b) NIR light triggered photoreaction with the used BCP 
of PEO-6-PNBMA and UCNPs of NaYF4: Tm Yb
a BCP micellar solution is exposed to NIR light, UCNPs inside the micelles act as an 
internal light source providing the higher-energy (UV or visible) photons required for the 
photochemical reaction leading to the dissociation of BCP micelles. Figure lb shows the 
UCNPs and BCP used to validate this concept. NaYF4: Tm Yb core-shell nanoparticles8’9 
were loaded into micelles made from a photosensitive diblock copolymer composed of 
hydrophilic poly(ethylene oxide) (PEO) and a hydrophobic polymethacrylate bearing 
photo-labile o-nitrobenzyl side groups (PNBMA). Upon excitation with a 
continuous-wave 980 nm laser, the NaYF4: Tm Yb UCNPs emit photons in several 
spectral regions including around 350 nm. In the BCP design, the addition of the two 
methoxy groups on the nitrobenzyl moiety shifts the absorption maximum from -3 0 0  nm 
to 350 nm so that the photoresponsive groups can be cleaved upon absorption of the UV 
light emitted by UCNPs. The photocleavage of the nitrobenzyl groups converts the 
poly(methacrylate) block into hydrophilic poly(methacrylic acid), which shifts the 
hydrophilic-hydrophobic balance toward the destabilization of micelles.10 As shown
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below, our studies prove the efficacy o f this approach, which represents one that is 
general and readily applicable to all photosensitive BCP micelles, vesicles and other 
nano- or microvectors, and is a viable solution to solve the wavelength problem.
The core-shell NaYF4 :TmYb nanoparticles (core = NaYF4:0.5 mol% Tm3+:30mol% Yb3+; 
shell = NaFY4) were synthesized using a literature method.11 These crystalline UCNPs 
possess uniform ellipsoid shapes and have an average diameter o f  31 nm (Figure S2). The 
BCP, PEO45-6 -PNBMA120, was prepared by using atom transfer radical polymerization 
(ATRP) (for synthesis and characterization details, see Supporting Information). We 
succeeded in loading the UCNPs into the micelle core by first dissolving the BCP and 
UCNPs in THF and then adding this solution dropwise to water to induce the formation 
of micelles and the concomitant encapsulation o f the nanoparticles. After removal o f THF 
and centrifugation, the resulting UCNP-loaded micelles were collected and could readily 
be redispersed in water. Figure 2a shows a photograph of an aqueous solution of 
UCNP-loaded micelles (diluted to ~ 0.2 mg/mL with respect to the BCP) upon exposure 
to a 980 nm diode laser. The photoluminescence of visible light is readily observed in the 
region where the path o f the laser beam travels through the micellar solution. Scattering 
of emitted blue light is caused by the micelle aggregates. Also shown are the emission 
spectra o f the neat UCNPs and the UCNP-loaded micellar solution upon the 980 nm 
excitation, together with the absorption spectrum of the micellar solution before NIR light 
exposure. The band for the UV light emitted from the UCNPs is centered at ~ 350 nm, 
which overlaps well with the absorption band of o-nitrobenzyl groups on the micelle 
core-forming PNBMA block. As compared to neat UCNPs, the emission intensity o f UV 
light at ~ 350 nm of the UCNP-loaded micellar solution is much weaker clearly 
indicating that the UV photons delivered by UCNPs are absorbed by o-nitrobenzyl 
moieties in the micelle core (emission spectra at different excitation powers in Figures S5 
and S6). The TEM images shown in Figures 2b and 2c were recorded using the micellar
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solution before and after NIR light exposure, respectively. Before exposure, UCNPs were 
clearly loaded inside almost all BCP micellar aggregates with an average diameter o f ~ 
83 nm, the inset showing two micelles containing each 4-5 nanoparticles. With respect to 
all the micelles shown in Figure 2b, while the number o f encapsulated nanoparticles 
varies from micelle to micelle, most of them contain two UCNPs with an average of 2.5 
nanoparticles per micelle (Figure S9). For the same micellar solution after 980 nm 
excitation (240 min, 5 W), the complete disintegration of micelles is clearly visible. As a 
result, the nanoparticles are released from the micelles and coexist with the polymer in 
the form of irregular shaped spots. These results indicate that a continuous-wave 980 nm 
laser can trigger the dissociation of UCNP-loaded micelles of PEC>45-6 -PNBMAi2o-
Figure 2. (a) Emission spectra of the neat UCNPs (green line) and a UCNP-loaded 
micellar solution (red line) upon a 5W 980 nm diode laser irradiation, absorption 
spectrum of the micellar solution before NIR exposure (blue line) and a photograph of the 
micellar solution under NIR light exposure. The emission of the micellar solution in the 
UV region is amplified, (b) TEM image o f UCNP-loaded BCP micelles before NIR light 
irradiation, the inset showing two magnified micelles containing several nanoparticles, c) 
TEM image o the same micellar solution after NIR irradiation (5 W, 4h), showing the 
disintegration of BCP micelles.
We performed further experiments to 1) ensure that the NIR-triggered micellar
40 nm
Wavelength (nm)
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dissociation is a direct consequence o f the photocleavage of o-nitrobenzyl side groups 
from the PNBMA block, and 2) determine if  NIR light can induce release o f hydrophobic 
species co-loaded with the UCNPs within the micelles. The former experiments were 
carried out using a model hydrophobic compound, Nile Red (NR) . 6,10 The same basic 
methods as used for the UCNP-loaded micelles was employed, except that NR was 
dissolved in THF with BCP and UCNPs before being added to water for the formation of 
micelles and the encapsulation of the nanoparticles with dye molecules. For control 
experiments, micelles with only loaded NR were also prepared. Figure 3a illustrates the 
setup used to detect NIR light-induced photocleavage of o-nitrobenzyl groups or release 
of NR from UCNP-loaded BCP micelles. A quartz cuvette filled with water is sealed with 
a dialysis cap that has a membrane at the bottom of it (molecular weight cutoff: 3500). 
The membrane is immersed in the water. A solution of UCNP-loaded micelles is placed in 
the cap. By sampling the water underneath the dialysis membrane using either absorption 
or fluorescence emission spectra, the presence o f released molecules can be assessed. In 
the first of such experiments (Figure 3b) absorption spectra were recorded using a 
UCNP-loaded micellar solution (without NR) in the dialysis cap before and after 
exposure to NIR light (4 h, 5 W). Without any NIR light exposure, no changes in the 
spectra of the water could be detected even after 24 h. In contrast, for the same micellar 
solution after being exposed to NIR light, absorption bands corresponding to the 
photocleaved nitrosobenaldehyde in the 350-450 nm region were detected. The increasing 
absorbance over time indicates a continuous diffusion o f cleaved molecules through the 
membrane. This result confirms the occurrence of photocleavage of o-nitrobenzyl groups 
in the micelle core upon 980 nm NIR light excitation, which is responsible for the 
dissociation o f micelles. In the second experiment (Figure 3c), micelles loaded with both 
UCNPs and NR were utilized. Since NR is very hydrophobic and its fluorescence is 
quenched in water, pluronic F-127 was added in water in the cuvette, which forms 
micelles, increases the solubility o f NR and provides an observable readout indicating the
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release o f NR from NIR light-disrupted micelles. Comparing the plots o f normalized 
fluorescence emission intensity o f NR at 640 nm (Figure S6 ), makes it clear that the 
release o f the hydrophobic dye is much faster after NIR light exposure o f the micellar 
solution, as a result of the dissociation of micelles.
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Figure 3. (a) Setup used to detect species diffusing from a BCP micellar solution through 
a dialysis membrane into aqueous solution underneath. The diffusing molecules are either 
photocleaved nitrosobenaldehyde or Nile Red released from disrupted BCP micelles as a 
result of 980 nm excitation, (b) Absorption spectral change over time for 
nitrosobenzaldehyde molecules cleaved by NIR light exposure o f micelles loaded with 
UCNPs (5W, 4h). (c) Increase in the normalized fluorescence intensity o f Nile Red 
measured at 640 nm (^ excitation =550 nm) over time for two aqueous solutions o f micelles 
loaded with both UCNPs and Nile Red, one of which was subjected to NIR light 
exposure, while the other one was not.
It should be mentioned that the experiments shown in Figure 3 were designed as 
proof-of-principle demonstrations to confirm the NIR light-induced photocleavage of 
o-nitrobenzyl moieties in UCNP-loaded BCP micelles and the resulting release o f 
encapsulated hydrophobic payloads from NIR light-disrupted micelles. The experimental 
conditions were not optimized or controlled to assess the rates o f these NIR 
light-triggered processes (for example, the 4 h NIR laser exposure time was chosen
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arbitrarily; the relative volumes of the micellar solution and the aqueous solution in the 
cuvette as well as the size of dialysis membrane could all affect the apparent diffusion 
rates). A more straightforward way to monitor the rate of NIR-induced release of NR 
would be to measure its fluorescence emission change directly on the micellar 
solution. 6’10 Any disruption o f micelles that bring encapsulated NR molecules into an 
aqueous medium results in a fluorescence quenching effect. We thus performed the 
measurements shown in Figure 4, which compare the fluorescence emission spectral 
changes of NR upon exposure o f the micellar solutions to the 980 nm NIR laser. In these 
experiments, 2 mL of the micellar solution was used and no stirring was applied. For 
micelles containing only NR (Figure 4a), after 4 h exposure, no change in the 
fluorescence intensity is observed indicating that the BCP micelles are stable and, 
consequently, NR molecules remain solubilized inside the hydrophobic core. The result is 
different for micelles loaded with both NR and UCNPs. In this case, exposure to the NIR 
laser results in a continuous decrease in the fluorescence intensity o f NR over time, 
indicating NIR-induced micellar dissociation, which brings NR molecules into an 
aqueous medium and thus quenches the fluorescence of the hydrophobic dye. Using 
micelles loaded with both UCNPs and NR, the effects of the NIR laser power and 
concentration of UCNPs on NIR light-induced micellar dissociation and release were 
investigated. The results are presented in Figure 4c, which shows the changes in the 
normalized fluorescence intensity of NR as a function of NIR light exposure time. In all 
cases, the fluorescence intensity decreases quickly over the first 40-50 min, then the 
decrease becomes less pronounced. As expected, the apparent release o f NR is faster with 
a higher NIR laser power or with more UCNPs used for encapsulation by the BCP 
micelles. In both cases, a more intense UV light emission from the NIR-excited UCNPs 
makes the photocleavage reaction of o-nitrobenzyl moieties faster, leading to faster 
dissociation of micelles and faster concomitant release o f NR.
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Figure 4. Fluorescence emission measurements carried out on aqueous solutions of BCP 
micelles (1 mg/mL, solution volume: 2 mL) loaded either with both UCNPs and Nile Red 
or with only Nile Red, upon NIR light exposure: (a) emission spectra o f Nile Red 
(^-excitation =550 nm) for the micellar solution with only Nile Red encapsulated; (b) 
emission spectra of Nile Red for the micellar solution with both UCNPs and Nile Red 
loaded in the micelles; and (c) plots o f normalized fluorescence emission intensity of Nile 
Red vs. NIR light exposure time under different conditions as indicated (polymer/UCNP 
is the weight ratio used in the preparation of UCNP-loaded BCP micelles). All solutions 
were not stirred.
In conclusion, we have demonstrated, for the first time, a novel strategy enabling the 
use o f a continuous-wave diode NIR laser to disrupt photosensitive BCP micellar delivery 
vehicles and trigger the release o f their ‘payloads’. By encapsulating NaYF^TmYb 
upconverting nanoparticles inside micelles o f PEO-6 -PNBMA and using 980 nm light, 
photons in the UV region (~ 350 nm) are generated, which in turn are absorbed by 
o-nitrobenzyl groups on the micelle core-forming block, activating the photocleavage 
reaction and leading to the dissociation of BCP micelles. A hydrophobic model 
compound, NR, co-loaded with UCNPs in the micelles could be released upon 980 nm 
excitation. This achievement is a significant step forward in finding an efficient and 
relatively universal method using a continuous-wave diode NIR laser to circumvent the 
need for UV or visible light that is a common drawback for light-responsive polymeric 
systems developed for potential biomedical applications. The strategy of using NIR light
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and UCNPs as an internal UV-visible light source is very general and can be applied not 
only to photocontrollable BCP micelles or vesicles, but also to many other photosensitive 
polymeric materials o f which the potential for applications is limited due to the 
wavelength issue.
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3.2.3. Supporting Information
3.2.3.1. Synthesis
All chemical reagents were purchased from Aldrich and used without further purification. 
The NaYF4 :Tm3+ 0.5 mol%, Yb3+30 mol% / NaYF4 core/shell upconverting nanoparticles
c 1
(UCNPs) were synthesized using a modification o f a recently reported procedure.
Synthesis of P-NaYF4:Tm3+ 0.5 mol%, Yb3+ 30 mol% Nanoparticles. A 250 mL
three-neck round-bottom flask equipped with a magnetic stir bar was charged with 
Y(CH3C 0 2) 3 (2.78 mmol), Yb(CH3C 0 2) 3 (1.20 mmol), Tm(CH3C 0 2) 3 (0.02 mmol), 60 
mL octadecene and 24 mL oleic acid. The solution was magnetically stirred and heated 
slowly to 120 °C under vacuum for 30 min to form the lanthanide oleate complexes, and 
to remove residual acetic acid, water and oxygen. The temperature was then lowered to 
50 °C and the reaction flask placed under a gentle flow of nitrogen gas. A solution of 
ammonium fluoride (16 mmol) and sodium hydroxide ( 1 0  mmol) dissolved in methanol 
(40 mL) was prepared via sonication. Once the reaction reached 50 °C, the methanol 
solution was added to the reaction flask and the resulting cloudy mixture was stirred for 
30 min at 50 °C. The reaction temperature was then increased to 70 °C and the methanol 
distilled off from the reaction mixture. Subsequently, the reaction temperature was 
increased to 300 °C as quickly as possible and maintained at this temperature for 90 min 
under the nitrogen gas flow. During this time the reaction mixture became progressively 
clearer until a completely clear, slightly yellowish solution was obtained. The mixture 
was allowed to cool to room temperature. The UCNPs were precipitated by the addition 
of ethanol and isolated via centrifugation at 5000 rpm corresponding to a relative 
centrifugal field (RCF) of approximately 1000. The resulting pellet was dispersed in a 
minimal amount o f hexanes and precipitated with excess anhydrous ethanol. The UCNPs 
were isolated via centrifugation at 5000 rpm and then dispersed in hexanes (25-30 mL)
for the subsequent shell growth procedure.
Synthesis of P- NaYF^Tm3* 0.5 mol%, Yb3+ 30 mol% / P-NaYF4 Nanoparticles.
Y(CH3C 0 2) 3 (3.5 mmol), octadecene (60 mL) and oleic acid (24 mL) were added to a 
250 mL three-neck round-bottom flask equipped with a magnetic stir bar. The solution 
was heated slowly to 120 °C under vacuum with magnetic stirring for 30 min. The 
temperature was lowered to 80 °C, the reaction flask placed under a gentle flow of 
nitrogen and the core NaYF4 :Tm3+ 0.5 mol%, Yb3+ 30 mol% UCNPs dispersed in 
hexanes was added. The resulting solution was slowly heated to 110 °C and maintained at 
this temperature until all the hexanes were distilled off from the reaction solution. The 
reaction mixture was cooled to 50 °C and a solution o f ammonium fluoride (14 mmol) 
and sodium hydroxide (8.75 mmol) dissolved in methanol (40 mL) was added. The 
resulting cloudy mixture was stirred for 30 min at 50 °C at which time the reaction 
temperature was increased and the methanol evaporated. After the evaporation of the 
methanol, the reaction temperature was increased to 300 °C as quickly as possible and 
maintained at this temperature for 90 minutes under the nitrogen gas flow. The mixture 
was allowed to cool to room temperature and the core/shell UCNPs isolated using the 
same procedure of precipitate and isolation described for the core UCNPs. The isolated 
NaYF4 :Tm3+ 0.5 mol%, Yb3+ 30 mol% / NaYF4 UCNPs were dispersed in either 
chloroform, THF or hexanes for subsequent experiments.
Figure SI shows TEM micrographs of the NaYF4 :Tm3+ 0.5 mol%, Yb3+ 30 mol% / 
NaYF4 core/shell UCNPs. Dilute colloids o f the UCNPs (0.1 wt%) dispersed in hexanes 
were dropcasted on carbon formvar-coated copper grids for imaging. The NP shape and 
crystallinity were evaluated from the collected TEM images, while the average particle 
width and length was calculated from over 150 TEM particles. The TEM images of the 
UCNPs demonstrate their nearly monodisperse particle size of height (37.2±1.1 nm) and 
diameter (30.5±1.3 nm) as shown in Figure S2. The images also show that the UCNPs
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are single crystalline in nature and possess hexagonal prism shapes. The powder X-ray 
Diffraction (XRD) pattern (Figure S3) o f the UCNPs was successfully indexed to the 
hexagonal /3-NaYF4 phase (JCPDS standard card 16-0334).
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Figure SI Transmission Electron Microscopy (TEM) micrographs of the NaYF4:Tm3+
0.5 mol%, Yb3+ 30 mol% / NaYF4 core/shell UCNPs.
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Figure S2 Size histograms for the NaYF4 :Tm3+ 0.5 mol%, Yb3+ 30 mol% / NaYF4 
core/shell UCNPs showing the number o f nanoparticles o f a given length (A) and width 
(B).
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Figure S3 Experimental powder X-ray diffraction (XRD) patterns for the /3-NaYF4 :Tm3+ 
0.5 mol%, Yb3+ 30 mol% / NaYF4 core/shell UCNPs.
Synthesis of the Monomer 4, 5-Dimethoxy-2-Nitrobenzyl Methacrylate (NBMA). 4,
5-Dimethoxyl-2-nitrobenzyl alcohol (2.98 g) was first dissolved in dichloromethane (50 
mL) in an ice bath. After the solution was cooled down, 1.97 mL triethylamine was added
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into the solution under stirring. Then 1. 6  mL methacryloyl chloride diluted with 20 mL 
dichloromethane was added slowly over 30 min through an addition funnel. After 3 hours 
o f reaction in the ice bath, the whole system was kept at room temperature overnight. 
After solvent removal by a rotary evaporator, the crude product was dissolved in 
chloroform and purified by washing with 1 M hydrochloric acid, 1 M potassium chloride 
in sequence, and finally drying by magnesium sulfate. After filtration, the filtrate was 
concentrated into solid and dried under vacuum overnight. 'H NMR (in chloroform-d): 
2.04 (s, 3H), 3.99 (s, 6 H), 5.63 (s, 1H), 5.68 (s, 1H), 6.24 (s, 1H), 7.06 (s, 1H), 7.77 (s, 
1H).
Synthesis of 2-Bromoisobutyryl End-Capped PEO Macrotnitiator, PEO-Br, for 
ATRP. Monomethoxyl poly(ethylene oxide) (Mn = 2000, PDI = 1.02) (5.0 g, 2.5 mmol) 
and triethylamine (375 mg, 12.5 mmol) were dissolved in dry dichloromethane (30 mL) 
and stirred in an ice bath. To this solution, 2-bromoisobutyryl bromide (288 mg, 12.5 
mmol) diluted with 10 mL dichloromethane was added dropwise over 1 h. Then the 
solution was allowed to stir at room temperature overnight. The resulting solution was 
filtered, and concentrated by using a rotary evaporator. The yielded solid was redissolved 
in chloroform and extracted with sodium bisulfate aqueous solution. Finally, the 
concentrated solution was precipitated in cold ethyl ether to collect the macroinitiator. !H 
NMR (in chloroform-d), 5 (ppm): 1.94 (s, CH3), 3.38 (s, -OCH3) and 3.73 (s, OCH2).
Synthesis of Block Copolymer P E O 4 5 - 6 - P N B M A 1 2 0 .  Cu(I)Br (5.3 mg, 0.037 mmol), 
PEO-Br (37 mg, 0.018 mmol), the monomer NBMA (500 mg, 1.8 mmol), 
N,N,N’,N”,N”-pentamethyldiethylenetriamine (6.5 mg, 0.037 mmol) and DMSO (1 mL) 
were dissolved in an ampoule of 5 mL. The mixture was degassed three times using the 
ffeeze-pump-thaw procedure and sealed under vacuum. After 10 min stirring at room 
temperature, the whole setup was placed in a preheated oil bath (90 °C) for 2 h. The 
solution was precipitated into methanol once and then filtered into dryness. The crude
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product was dissolved in a small amount o f THF and passed through a neutral AI2O3 
column with THF as an eluent to remove the excessive catalyst. The yellow filtrate was 
concentrated under reduced pressure and reprecipitated twice into ethyl ether. The block 
copolymer was collected by filtration and dried under vacuum overnight.
3.2.3.2. Characterization Techniques
UV-vis spectra were collected on a Varian Cary 50 Bio UV-vis spectrophotometer. Gel 
permeation chromatography (GPC) measurements were performed using a Waters system 
equipped with a refractive index and a photodiode array detector, THF being used as 
eluent (elution rate: 0.5 mL/min) and polystyrene standards used for calibration. The 
X-ray diffraction (XRD) pattern of the Tm3+/Yb3+ core/shell UCNPs was obtained using a 
Rigaku R-AXIS RAPID-S diffractometer (Model No. 2163A101). Fluorescence emission 
spectra were recorded on a Varian Cary Eclipse Fluorescence spectrophotometer. 
Upconversion photoluminescence measurements were performed on a PTI Quantamaster 
spectrofluorometer. A JDS Uniphase 980 nm laser diode (device type L4-9897510-100M) 
coupled to a 105 um (core) fibre was employed as the excitation source. The output o f the 
diode laser was collimated and directed on the samples using a Newport F-91-C1-T 
Multimode Fiber Coupler. All o f the colloidal samples were held in a square quartz 
cuvette (path length of 1 cm). All spectra were corrected for the instrument sensitivity. 
Transmission Electron Microscopy (TEM) observations were carried out using a Hitachi 
H-7500 microscope at an acceleration voltage o f 80 kV or a FEI Tecnai 200 kV Field 
Emission Scanning Transmission Electron Microscope. Copper specimen grids (200 
mesh) with formvar/carbon support film were purchased from Electron Microscopy 
Sciences.
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3.2.3.3. Characterization of Block Copolymer PEO45- b-PNBMAi2o
Figure S4a shows the 'H NMR spectrum o f the diblock copolymer PEO45-6 -PNBMA120 
alone with the assignments o f the corresponding peaks. The degree of polymerization (DP, 
the number o f NBMA units in the PNBMA block) was calculated from:
DP=  .
la / 180
Where Ic is the integral value of the proton peaks of methoxyl on 4, 
5-dimethoxy-2-nitrobenzyl group of the PNBMA block (signal c), Ia the integral value of 
the proton peaks attributed to the PEO block (signal a) that has DP=45. Based on the 
GPC measurements (Figure S4b), we can conclude that the block copolymer was 
successfully synthesized using the macroinitiator PEO-Br through ATRP polymerization. 
The block copolymer was well defined with a narrow polydispersity of 1.22 (by GPC).
OCH,
Eluent Time (min)Chemical Shift (ppm)
Figure S4 (a) 'H NMR spectrum of the block copolymer PEO45-6-PNBMA120 in 
chloroform-d; (b) GPC traces of PEO-Br and PEO45-6-PNBMAi20-
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3.2.3.4. Upconverting Emission ofNaYF^Tm Yb Nanoparticles
Figure S5 shows the emission spectrum of core-shell NaYF4:TmYb nanoparticles used in 
this study dissolved in chloroform upon 980 nm laser excitation at different pumping 
powers. Figure S6 shows the emission spectrum o f these UCNPs loaded in BCP micelles 
in aqueous solution. The emission intensity in the UV spectral region is much weaker for 
UCNPs inside the micelles than from neat nanoparticles. This is no surprise because for 
the micellar solution, emitted UV photons are absorbed by the photosensitive 
PEO-6-PNBMA micelles.
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Figure S5. Emission spectra of a chloroform solution of UCNPs under 980 nm excitation 
with different laser powers.
3.2.3.5. Preparation of UCNP-Loaded BCP Micelles.
BCP micelles loaded with the NaYF4 Tm3+Yb3+ nanoparticles were prepared in the 
following way. PEO45-6 -PNBMA120 (5 mg) and UCNPs (5 mg) were first dissolved in 
THF (10 mL) in a vial. Then the solution was added dropwise to pure water (40 mL) 
under vigorous ultrasonic agitation with the help of an ultrasonicator (130 W, 20 KHz). 
The whole solution was stirred at room temperature for 2 h before THF was completed 
removed by evaporation under vacuum at 30 °C. The obtained solution was centrifuged at 
4,800 RPM for 12 min. The supernatant was discarded by decantation and the
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precipitation was diluted with deionized water. The precipitation could easily be 
redispersed in water under mild stirring. The UCNP-loaded micellar solution was diluted 
to reach a BCP concentration of 0.2 mg/mL and stored in dark before use. BCP micelles 
without UCNPs, loaded with Nile Red, and loaded with both UCNPs and Nile Red were 
basically prepared using the same procedure. In the case of encapsulating both UCNPs 
and Nile Red, 25 fiL of a THF solution of Nile Red (10 mg/mL) was added in 10 mL of a 
THF solution containing 5mg of BCP and 5 mg of UCNPs. The rest o f the preparation 
was the same as described above.
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Figure S6 . Emission spectra of an aqueous solution of UCNP-loaded BCP micelles under 
980 nm excitation with different laser powers.
3.2.3.6 . TEM Observations of UCPN-loaded BCP Micellar Aggregates.
TEM images were recorded using a Hitachi H-7500 Transmission Electron Microscope 
operating at 80 kV or a FEI Tecnai 200 kV Field Emission Scanning Transmission 
Electron Microscope. For the UCNP-loaded micellar solution, samples were prepared by 
placing a drop of micellar solution (ca.10 fiL), either before or after NIR light excitation, 
on a carbon-coated copper grid, which was left for 5 min before removing the excess o f 
solution with a piece of filter paper and then dried in air for 10 min. High-resolution TEM
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images of the UCNP-loaded BCP micelles before and after NIR irradiation are shown if  
Figure S7 and S8 , respectively. From the TEM image of UCNP-loaded micelles shown 
in Figure 2b, we estimated the number o f encapsulated nanoparticles as a function of the 
size o f micellar aggregate. The result is given in Figure S9. On average, each micelle 
contains about 2.5 nanoparticles and the average diameter of all micelles is 83 nm.
Figure S7. High-resolution TEM micrographs o f the UCNP-loaded BCP micelles before 
980 nm irradiation.
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Figure S8 . High-resolution TEM micrographs of the UCNP-loaded BCP micelles after 
NIR irradiation (5W, 4h), demonstrating the disintegration of the BCP micelles.
0 1 2 3 4 5 6 7
Number of UCNP in Each Micelle
Figure S9. Statistical distribution o f the number o f nanoparticles encapsulated by BCP 
micelles (the number on top of each column is the average diameter o f micelles 
containing the corresponding number o f nanoparticles).
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3.2.3.7. Photoreaction of PEO45-6 -PNBMA120 upon NIR or Direct UV Light Irradiation
Figure S10 shows UV-vis absorption spectral changes o f a THF solution of the BCP 
sample (0.05 mg/mL) upon 980 nm NIR or direct UV light exposure. With NIR light, in 
the absence of UCNPs in the solution (Fig.S 10a), no decrease in the absorption band of 
o-nitrobenzyl moieties around 350 nm is observed after 260 min irradiation, indicating 
that the photocleavage reaction cannot be activated by the low-energy NIR light. By 
contrast, with UCNPs added in the solution (5 mg/mL), the maximum absorption o f 
o-nitrobenzyl groups decreases with increasing the NIR exposure time, indicating the 
occurrence of photocleavage of the chromophore (Fig.SlOb). Upon direct exposure to UV 
light generated by an Exfo Lite UV curing system (~1 mW/cm2 365 nm). As expected, 
UV-induced photolysis of o-nitrobenzyl groups is much faster (Fig.SlOc).
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Figure S10. UV-vis absorption spectral changes o f a THF solution of 
PEC>45-b-PNBMAi2o (0.05 mg/mL): a) under 980 nm NIR exposure without added 
UCNPs; b) under 980 nm exposure with UCNPs added in the solution (5 mg/mL); and c) 
the same solution as in b) under direct 365 nm UV light irradiation (~1 mW/cm2).
The photocleavage of o-nitrobenzyl groups was also revealed by infrared spectroscopic 
measurements. The polymer samples in the solutions in Figure S10 were collected and 
used to cast films on CaF2 window; the infrared spectra recorded with dried samples are 
shown in Figure SI 1. While no changes are observed for the sample exposed to NIR light 
in the absence of UCNPs, drastic spectral changes are visible for the sample exposed to
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NIR light in the presence of UCNPs. In particular, the characteristic absorption bands of 
nitro groups at around 1333 cm' 1 (symmetric stretching) and 1540 cm ' 1 (asymmetric 
stretching) S2 almost disappear for the polymer with UCNPs, confirming the photolysis 
upon NIR light excitation of the nanoparticles.
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Figure S ll. Infrared spectra, in the 1200-2000 cm ' 1 region, o f thin films cast from the 
PEO45-6 -PNBMA120 solutions in Figure S10 exposed to 980 nm NIR light with and 
without added UCNPs, respectively.
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Figure S12. Fluorescence emission spectra of Nile Red (NR) (X,excitation =550 nm) for the 
micellar solution under 980 nm NIR light, being recorded using the setup in Fig.3: a) 
micelles with only encapsulated NR; and (b) micelles loaded with both UCNPs and NR.
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3.2.3.8 . Fluorescence Measurement of NIR Light-Induced Release of Nile Red from BCP 
Micelles
The results of NIR-induced release of Nile Red from BCP micelles in aqueous solution 
are shown in Fig.3. The recorded fluorescence emission spectra o f Nile Red used for the 
data are given in Figure S I2.
Reference:
51. Qian, H.S., Zhang, Y. Langmuir 2008, 24, 12123-12125.
52. Matuszczak, S.; Cameron, J. F.; Frechet, J. M. J.; Wilson, G. J. Mater. Chem. 1991, 1, 
045.
106
3.3. Conclusions of the Project
In this project, we demonstrated a novel and general strategy to use NIR light to 
disrupt photoresponsive BCP micelles by combining continuous-wave NIR laser and 
UCNPs. By encapsulating UCNPs into micelles and exposing the micelle solution to 980 
nm laser, UV photons emitted from UCNPs could trigger photoreactions o f the 
chromophores present in the micelles core, and finally lead to micelle dissociation and 
release of encapsulated payload from micelles. The strategy o f using NIR light and 
UCNPs as internal UV-visible light sources is very general and can be applied not only to 
photocontrollable BCP micelles or vesicles, but also to many other photosensitive 
polymeric materials of which the potential for applications is limited due to the 
wavelength issue.
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CHAPTER 4. NEAR INFRARED LIGHT TRIGGERED 
RELEASE OF BIOMACROMOLECULES FROM 
HYDROGELS LOADED WITH UPCONVERSION
NANOPARTICLES
4.1. About this project
Photoresponsive hydrogels have been studied to evaluate their potentials for the controlled 
release of drugs and of bioactive molecules including proteins and enzymes in biological or 
biomedical applications over the past decade. However, all o f these systems require 
high-energy UV or visible light, which hinders their applications in biological systems as 
the excitation light either can cause tissue damage or suffers from an insufficient 
penetration depth. As a continuous effort and new demonstartion of the applications of 
UCNPs, we carried out a study on using NIR light to trigger the release o f 
biomacromolecules from a photosensitive hydrogel. By loading UCNPs in a polymer 
hydrogel whose cross-linker contains o-nitrobenzyl groups, we show that 980 nm NIR 
light excitation can induce a gel-sol transition and release caged, inative 
biomacromolecules on-demand into aqueous solution, where their bioactivity can be 
resumed.
This work was published in Journal o f  the American Chemical Society 2012, 134, 
16558-16561, by Bin Yan, Damien Habault, John-Christopher Boyer, Neil R. Branda, and 
Yue Zhao. This project was carried out in the Polymers and Liquid Crystals Laboratory, 
under the supervision of Prof. Yue Zhao. It was a collaborative work with Prof. Neil 
Branda’s group at Simon Fraser University. Dr. Boyer synthesized core-shell UCNPs and 
characterized their NIR-responsive properties. Mr. Damien Habault assisted me for the 
synthesis o f the photocleavable crosslinker. I performed the rest o f the experiments
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described in this publication. I wrote the first draft o f the manuscript. Prof. Zhao finalized 
the manuscript with revision contributions from Prof. Branda and Dr. Boyer.
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4.2. Paper published in Journal of the American Chemical Society 2012, 
134,16558.
Near Infrared Light Triggered Release of Biomacromolecules from Hydrogels 
Loaded with Upconversion Nanoparticles
Bin Yan, 1 John-Christopher Boyer, 2 Damien Habault, 1 Neil R. Branda2* and Yue Zhao1*
1 D epartem ent de chimie, Universite de Sherbrooke, Sherbrooke, Quebec, Canada J1K2R1
2 4D LABS, D epartm ent o f  Chemistry, Simon F raser University, 8888 U niversity D rive, Burnaby, BC, 
Canada V5A 1S6
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4.2.1. Abstract
Using a photosensitive hybrid hydrogel loaded with reconverting nanoparticles (UCNPs), 
we show that continuous-wave near infrared (NIR) light (980 nm) can be used to induce the 
gel-sol transition and release large, inactive biomacromolecules entrapped in the hydrogel 
into aqueous solution ‘on-demand’, where their bioactivity is resumed. This study is a 
novel demonstration and an important new development in harnessing the unique 
properties of UCNPs for photosensitive materials o f biological and biomedical interest.
4.2.2. Main Text
Among the many biomedical applications o f polymer hydrogels, their use for 
encapsulating and releasing large biomacromolecules (e.g. proteins, enzymes) in response 
to stimuli such as changes in pH 1 and temperature,2 the presence of redox species, 3 
biomolecules4 or ions, 5 or electrical fields6 and light7 has the great potential to improve 
how we treat disease and study complex biochemical processes. Also noticeable are 
hydrogels using aptamers and complementary oligonucleotides to achieve controlled 
release of multiple drugs.8 In this context, a hydrogel can act as a ‘cage’ and hide 
biomacromolecules to prevent their interacting with other species until desired. Once the 
stimulating signal triggers a structural disruption of the hydrogel, through processes such 
as gel-sol transition or gel volume expansion/contraction, entrapped biomacromolecules 
are released into the bulk solution, where their bioactivity is recovered.
Light offers many distinct advantages over other stimuli for controlling this disruption 
process. It can be tuned (colour and intensity) and used to remotely activate a wide range of 
materials at a specific time and location with relatively high precision. The examples o f 
light-responsive hydrogels developed in recent years suffer from a serious drawback that 
hinders their potential use in biomedical applications. Typically, their photochemical
i l l
reactions all require the use o f high-energy ultraviolet (UV) or visible light, neither o f 
which can penetrate deeply into tissues and both of which can cause detrimental side 
effects to healthy cells. The most common solution to overcome this problem is the use o f 
photoresponsive systems that can absorb two photons o f near infrared (NIR) light to induce 
the same reactions that are induced by UV or visible light. However, the usefulness o f this 
approach is limited because the low two-photon absorption cross-section of typical 
chromophores9 makes the process very inefficient even using femtosecond pulse lasers. An 
alternative strategy to harness the characteristics of NIR light takes advantage of NIR 
absorbing nanostructures, such as gold nanoparticles, 10 carbon nanotubes11 and graphene 
oxide nanoparticles, 12 by incorporating them into thermo-responsive hydrogel matrices. In 
these cases, the photothermal effect is used to convert NIR light into heat, which triggers a 
disruption of the hydrogel resulting in the release of entrapped molecules. However, the 
photothermal effect-based approach has constraints: 1 ) generally it is applicable only to 
thermosensitive polymers having a hydration-dehydration phase transition temperature; 
and 2) photoinduced disruption of hydrogel cannot retain after turning off the NIR light 
irradiation because the heating effect disappears and the initial solution temperature 
recovers.
In this report, we demonstrate an alternative to using nanoparticles to convert NIR light 
into UV light and affect the structure o f hydrogels through UV light-induced 
photoreactions. Our example is the first o f its kind. We use core-shell lanthanide-doped 
upconverting nanoparticles (UCNPs) to induce a gel-sol transition when they are irradiated 
with 980 nm NIR light and, consequently, to trigger the release o f entrapped 
biomacromolecules (proteins and enzymes). This is feasible because these particular 
nanoparticles convert as many as five NIR photons into a UV photon, which is emitted
back into the system to be used to trigger the photochemical reactions o f active groups
1 ^  * within the polymer matrix. The UCNPs are convenient for this application because they
are also non-toxic and do no ‘blink ’ . 14
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Figure 1. (a) Schematic illustration of the NIR light-triggered degradation of a 
photosensitive hydrogel using the UV light generated by encapsulated UCNPs. The 
polymeric components are depicted as black lines, the photocleavable crosslinks as red 
triangles, the UCNPs as green spheres and the trapped biomacromolecules as yellow 
rods, (b) Chemical structure of the hydrogel containing photocleavable o-nitrobenzyl 
moieties in the crosslinker and the NIR light-induced photoreaction of the hydrogel via 
UV light emitted by loaded NaYF^TmYb core-shell UCNPs. The number o f monomer 
units per PEG crosslinker is 104 and the molar ratio between the acrylamide monomer 
units and the PEG crosslinker, y/x, is about 50 (determined from the 'H  NMR spectrum 
of a fully UV-degraded gel sample in C D C I 3 ) .
We have already demonstrated that UCNPs could be loaded within block copolymer 
micelles and act as internal UV and visible light sources when they are irradiated with NIR 
light, with emitted photons in the UV or visible region activating a photoreaction leading to 
micelle disassembly. 15 This and other representative examples highlight the use o f UCNPs 
in NIR light-controllable biomaterials and imaging systems. 16 The present study is a novel
1 1 3
demonstration of how this universal and robust strategy allows photosensitive biomaterials 
to be activated by continuous-wave NIR light using hydrogels. In this report, we show how 
we can ‘hide’ large biomacromolecules inside of a polymer hydrogel effectively ‘shutting 
down’ their bioactivity and release them ‘on-demand’ using NIR light to resume their 
bioactivity.
Our approach is illustrated in Figure 1, which shows a schematic representation o f the NIR 
light-degradable hydrogel (black lines for polymer chains and red triangles for 
photocleavable crosslinks) loaded with UCNPs (green spheres) and biomacromolecules 
(yellow rods). The figure also shows the chemical structure of the hydrogel, which has a 
cross-linked hybrid polyacrylamide-PEG structure held together by photoresponsive 
o-nitrobenzyl groups. Irradiation of the UCNPs within this cross-linked system with NIR 
light generates the UV light needed to cleave the o-nitrobenzyl groups in their typical 
photooxidation process. The result is the breakdown of the entire gel (gel-sol transition) 
and release of trapped components. Details on materials synthesis and characterizations, as 
well as experimental procedures for loading of UCNPs in the hydrogel, simultaneous 
loading of proteins or enzymes, and NIR light-triggered release are provided in the 
Supporting Information. The photocleavable PEG cross-linker was synthesized using a 
literature method7ad with some modifications. The core-shell NaYF^TmYb 
nanoparticles (core = NaYF4 :0.5 mol-% Tm3+:30 mol-% Yb3+; shell = NaYF4) of uniform 
hexagonal prism shape and having an average length o f ~ 36.0±1.1 nm and width of 
32.0±1.5 nm, were synthesized using a literature method . 17 Before incorporating the 
nanoparticles into the hydrogel, a water-compatible system is required (the UCNPs are 
prepared as organic soluble version coated with oleate ligands). This was achieved by a 
ligand exchange process, which replaces the hydrophobic oleate ligands with water 
compatible poly( vinyl pyrollidone) . 18 The UCNPs and biomacromolecules are 
conveniently loaded into the photosensitive hydrogel by polymerizing an aqueous mixture 
of the acrylamide monomer and the photocleavable PEG cross-linker by a redox-initiated
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radical polymerization process.
Figure 2. (a) The absorption spectrum of the hydrogel dispersed in water (blue line) as 
well as the emission spectra of the neat UCNPs in aqueous solution (red line) and 
UCNP-loaded hydrogel (black line) upon 980 nm excitation; the inset is a TEM image of 
neat UCNPs. (b) Photograph o f an UCNP-loaded hydrogel under a 980 nm 
continuous-wave diode laser exposure (3.1 W). (c) and (d) Photographs o f an 
UCNP-loaded hydrogel (~ 0.08 mL) before and after irradiation with 980 nm light (5 W, 
195 min), respectively, showing the NIR light-induced gel-sol transition of the hydrogel.
As designed, the emission spectrum of the UCNPs changes when the nanoparticles are 
trapped within the hydrogel due to the overlap of specific bands with the absorption band 
o f the photoreactive component holding the hydrogel together (Figure 2a). When irradiated 
with 980 nm light, the nanoparticles emit at several wavelengths within the UV-vis region 
of the spectrum. The ones relevant to the current study are those appearing between 250 
and 400 nm, since these wavelengths are absorbed by the hydrogel and induce 
photoreactions of o-nitrobenzyl groups. This phenomenon is clearly revealed by the fact 
that the UV emissions from the UCNPs can no longer be observed when UCNPs are 
trapped within the hydrogel. In contrast, the emission peaks in the visible region (430-500
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nm), a spectral region where the hydrogel has no absorptions, clearly remain. As the laser 
beam travels through the UCNP-loaded hydrogel, visible photoluminescence and scattered
light beam from 
spectrophotometer
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UCNP-loaded
hydrogel
•  5 mg/mL UCNP 5 W 
0  5 mg/mL UCNP 3.1 W 
□  5 mg/mL UCNP OW
♦  0 mg/mL UCNP 5 ^ /  •
§
0
•  5 W
0 3.1 W
20 30
Time (min)
10 20 30 40 50 60 70 80 90 
Time (min)
Figure 3. (a) Setup used to detect molecular species diffusing from the hydrogel into the 
aqueous solution as a result of 980 nm excitation, (b) Changes in the UV-vis absorption 
spectra of an aqueous solution containing a hydrogel exposed to NIR light for different 
times (5 W, from 0 to 3h). For comparison, the absorption spectrum with the hydrogel in 
the solution after 12 h without NIR light irradiation is also shown (highlighted in red), (c) 
Plots o f detected fluorescence emission intensity (^Cm=514 nm, Xex=494 nm) of a 
fluorescently labeled protein (FITC-Bovine Serum Albumin) loaded in the hydrogel vs. 
NIR light irradiation time showing NIR light-triggered release o f the protein from the 
hydrogel. The results o f two control tests are also shown for comparison, (d) Temporal 
control of the protein release by turning on (5 min) and off the NIR diode laser.
blue light are visible from the photograph o f hydrogel (Figure 2b). Figures 2c and 2d show 
photographs of a hydrogel formed inside a capillary tube (diameter: 4.7 mm) before and 
after NIR light exposure using a diode laser, respectively. The NIR light-induced 
degradation (gel-sol transition) can be noticed from the flow of the hydrogel after the NIR 
irradiation. We note that the relative high power o f NIR laser and long irradiation time 
were used to allow the visualization of the flow of the hydrogel confined in the tube, which 
occurred in the late stage of the hydrogel disruption.
Our first demonstration of NIR light-triggered release of proteins from the hydrogel used 
fluorescein isothiocyanate bovine serum albumin (FITC-BSA) as a general model and 
proof-of-concept. The hydrogel-trapped protein can be prepared by adding its buffered 
solution (pH 7.0, 100 mM PBS, protein concentration 1 mg/mL) to an aqueous solution 
containing the UCNPs, acrylamide monomer, PEG crosslinker and initiator (a redox pair o f 
ammonium persulphate and N, N ,N ’,N  ’-tertramethyl ethyl enedi amine). After 
polymerization was complete, the hydrogel loaded with both FIT-BSA and the UCNPs can 
be washed with fresh PBS solution to remove any non-trapped protein. The release 
experiments were carried out by exposing a sample of the hydrogel ( ~ 1 0 0  mg) resting on 
the bottom of a cuvette to 980 nm light while monitoring the increase in absorption and 
emission of the liquid phase above the sample due to the photoreaction and subsequent 
release o f the nitrobenzaldehyde crosslinker and the fluorescently labeled protein from the 
gel. The results of these experiments are summarized in Figure 3, in which the first panel 
illustrates our experimental setup. The changes in the UV-vis absorption spectra (Figure 
3b) of a sample of the hydrogel containing the UCNPs but without protein demonstrate the 
success o f the multi-photon effect and the conversion of the photosensitive o-nitrobenzyl 
groups to their nitrosobenzaldehyde products, which diffuse from the gel into the aqueous 
phase only when NIR light is used. Prior to NIR light exposure, only very minor changes in 
the absorption spectra were detected even 1 2  h after immersion of the hydrogel in the 
solution. Irradiating the same hydrogel with 980 nm light (~0.1 mm diameter beam size)
resulted in the appearance of absorption bands characteristic o f the nitrosobenzaldehydes 
(300-400 nm) produced from the photocleavage reaction. The intensity o f these absorption 
bands increased as long as the gel was exposed to NIR light, indicating a continuous 
photoreaction.
Figure 3c illustrates how trapped protein can be released from our hydrogel using NIR 
light. In this case, the amount o f FITC-BSA released into the solution could be monitored 
by the increase in the photoluminescence intensity at the emission maximum wavelength. 
There is only a small observable amount of the protein released from the hydrogel 
containing the nanoparticles in the absence of NIR light as expected from several cases 
reported in the literature. la’3a’3b Similar amounts of released protein are observed for 
samples of the hydrogel containing only the protein when they are exposed to 980 nm light 
(5 W). The amount of protein released from the hybrid system increased significantly when 
the hydrogel loaded with both UCNPs and protein was exposed to the NIR laser (3-5 W), 
clearly demonstrating the NIR light-triggered release of the large biomacromolecules as a 
result of the hydrogel degradation. As expected, the release is power dependant and is 
slower when the laser intensity is reduced. On the basis o f the emission intensity of the 
same amount o f FITC-BSA in solution without the hydrogel, the release o f the protein 
entrapped in the UCNP-loaded hydrogel after 50 min NIR light irradiation is about 67% 
using a laser power of 5 W and 38% at 3.1 W (Fig.S6 ). The latter experiment was repeated 
twice, and the release of protein was found to be about 40 and 33%, respectively, 
suggesting a quite good reproducibility. The ‘on-demand’ release of protein from the 
hybrid hydrogel is best demonstrated by alternating between ‘light’ and ‘dark’ conditions 
as shown in Figure 3d. As designed, the release event only occurs when the NIR light is on 
(3-5 W) as illustrated by the increase in fluorescence intensity. Each time the light is turned 
o ff there is no change in the emission intensity due to the protein molecules remaining 
entrapped in the hydrogel until the release is triggered again by turning on the laser.
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The control over bioactivity due to NIR-triggered release from our hybrid hydrogel can be 
readily demonstrated by monitoring the activity o f trypsin (an enzyme that cleaves peptide 
bonds in proteins) to a fluorogenic substrate (CBZ-Arg)2-Rl 10. The results are shown in 
Figure 4. The enzyme can be loaded into our hydrogel in the same way as previously 
described. After washing and removing non-trapped enzyme molecules, the hydrogel is 
immersed in water containing (CBZ-Arg)2-Rl 10. There is little increase in fluorescence 
due to the enzymatic conversion of the substrate into its emissive product (Rhodamine 110) 
in the absence of NIR light even after 1 hour indicating that the enzyme is effectively 
trapped within the hydrogel, which suppresses its activity. The observed weak activity is 
likely caused by a very small amount of trypsin diffusing from the gel (as was shown 
previously for BSA) and/or diffusion of (CBZ-Arg)2-Rl 10 into the hydrogel where it can 
be converted into its fluorescent product within the gel matrix before diffusing into the 
whole solution. Exposing the hydrogel to 980 nm light produced an immediate increase in 
the fluorescence corresponding to Rhodamine 110 and indicates successful release o f
6 0 0 - 6 0 0 -
§ 4 0 0 -
•  under NIR 
o  no NIR
200-
6 0 0 6 4 0
Time (min)
Figure 4. Increase in the emission intensity revealing the enzymatic activity o f trypsin 
to a fluorogenic substrate (A.ex=498 nm) recorded with a hydrogel loaded with the 
enzyme and UCNPs in aqueous solution (using the setup shown in Fig.3a): (a) in dark 
(black curves) and upon 5W 980 nm NIR light irradiation (red curves) from 0 to 57 min, 
and (b) plots of fluorescence emission intensity at the 521 nm peak vs. NIR light 
irradiation time.
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trypsin and recovery o f its enzymatic activity. Again, according to a control test using the 
same amount o f trypsin dissolved in solution, about 72% enzyme was released after 57 min 
NIR light irradiation with a laser power o f 5 W (Fig.S6 ).
Before concluding, we mention that several in-depth studies have examined the long-term 
toxicity of NaYF4 -based UCNPs using both cell and small animal models; 19 the results 
suggest that these UCNPs possess little or no toxicity over extended exposure times. For 
future studies o f NIR light-sensitive UCNP-loaded hydrogels, it is of interest to apply the 
same design to other biocompatible hydrogels and use photocleavable moieties that may be 
more suitable for biomaterials (e.g. coumarin) . 20 In view o f the “on-demand” release 
activated by NIR light, this type of hydrogel is better suited for applications where a 
temporally controllable, step-wise release is desired, rather than for applications requiring 
a prolonged release (e.g. drug release from implants).
In conclusion, our hybrid UCNP-hydrogel system represents the first demonstration of 
using the multi-photon effect o f UCNPs to trigger the structural changes in photosensitive 
hydrogels. It allows the use o f continuous-wave NIR light to induce the gel-sol transition 
and release large, inactive biomacromolecules ‘on-demand’, where their bioactivity can be 
recovered. This study is an important new development in harnessing the unique properties 
of UCNPs for photosensitive materials of biological and biomedical interest.
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4.2.3. Supporting Information
4.2.3.1. Materials and Characterization Methods
All chemicals were purchased from Aldrich and used with received. UV-vis spectra were 
collected on a Varian Cary 50 Bio UV-vis spectrophotometer. The X-ray diffraction 
(XRD) pattern of the Tm3+/Yb3+ core/shell UCNPs was obtained using a Rigaku R-AXIS 
RAPID-S diffractometer (Model No. 2163A101). Fluorescence emission spectra were 
recorded on a Varian Cary Eclipse Fluorescence spectrophotometer. Infrared spectra were 
recorded on a Nicolet Avatar 370 spectrometer. Upconversion photoluminescence 
measurements were performed on a PTI Quantamaster spectrofluorometer. A JDS 
Uniphase 980 nm laser diode (device type L4-9897510-100M) coupled to a 105 /mi (core) 
fiber was employed as the excitation source. The output o f the diode laser was collimated 
and directed on the samples using a Newport F-91-C1-T Multimode Fiber Coupler. All of 
the colloidal samples were held in a square quartz cuvette (path length of 1 cm). All spectra 
were corrected for the instrument sensitivity. Transmission Electron Microscopy (TEM) 
observations were carried out using a Hitachi H-7500 microscope at an acceleration 
voltage of 80 kV or a FEI Tecnai 200 kV Field Emission Scanning Transmission Electron 
Microscope. Copper specimen grids (200 mesh) with formvar/carbon support film were 
purchased from Electron Microscopy Sciences.
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4.2.3.2. Synthesis
Photocrosslinker synthesis
Scheme SI. Synthesis o f ethyl-4-(4-(l-hydroxyethyl)-2-methoxyl-5-nitrophenoxyl) 
butanoic acid: (a) ethyl 4-bromobutyrate and DMF, room temperature/overnight; (b) 70% 
H N O 3 ,  acetic anhydride; (c) Acidic solution, refluxed 3hr, and NaBH4; (d,e) acryloyl 
chloride/triethylamine in THF and hydrolyzed in water; (f) oxalyl chloride/DCM and 
poly(ethylene oxide) stirred overnight.
Ethyl 4-(4-Acetyl-2-methoxyphenoxy)butanoate (2): To a 250 mL one-port round flask, 
acetovanillone (30.0 g, 180.5 mmol), DMF (150.0 mL) and ethyl 4-bromobutyrate (31.0 
mL, 217.0 mmol) were added. The mixture was stirred at 50 °C overnight. When the 
solution was cooled to room temperature, the mixture was filtered to remove the salt (KBr 
and excessive K 2 C O 3 ) .  500 mL of ethyl acetate was used to extract the product three times 
and then all the solutions were combined and dried using anhydrous M gS04. After 
filtration, the solvent was removed by rotary evaporation to afford the product as a white 
crystal.*H NMR (300 MHz, C D C I 3 ) :  6  = 1.23 (t, 3 H, C O O C H 2C H 3) ,  2.17 (pentet, 2 H,
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AX-OCH2CH2CH2CO2), 2.52 (t, 2 H, Ar-0 CH2CH2CH2C0 2 ), 2.53 (s, 3 H, Ar-C(=0)CH3), 
3.88 (s, 3 H, Ar-OCH3), 3.87-4.17 (m, 4 H, Ar-0 CH2CH2CH2C0 2 , COOCH2CH3), 6.87 
(d, 1 H, Ar-H close to ether), 7.47-7.53 (m, 2 H, Ar-H close to ketone).
Ethyl 4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (3): Grind the crystal product 1 
with a mortar and pestle to break apart any large block of powder. 1 0  g o f the ground 
product 2 was dissolved in 30 mL acetic anhydride. The obtained solution was added 
slowly into the solution of 70% H N 03 (200 mL) and acetic anhydride (40 mL) cooled at ice 
bath. After stirring for 5 h, the mixture was poured into iced-cooled water and let it cool in 
the freezer for 2 h. The precipitate was filtered and washed thoroughly with a large amount 
o f cold distilled water to get rid of excessive acid. After drying under high vacuum at 40 °C 
overnight, a pale yellow solid was obtained (yield: 70%).‘H NMR (300 MHz, CDC13): 5: 
1.23 (t, 3 H,COOCH2CH3), 2.10 (pentet, 2 H, A r-O C H zC ^C ^C O z), 2.50 (t, 2 H, 
Ar-0 CH2CH2CH2C0 2 ), 2.51 (s, 3 H, Ar-C(=0)CH3), 3.83 (s, 3 H, Ar-OCH3), 4.03 (t, 2 H, 
Ar-0 CH2CH2CH2C0 2 ), 4.10 (q, 2 H, COOCH2CH3), 6.95 (s, 1 H, Ar-H meta to A r-N 02), 
7.57 (s, 1 H, Ar-H ortho to Ar-N0 2 ).
4-(4-(l-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid (4): Ethyl
4-(4-acetyl-2-methoxy-5-nitrophenoxy)butanoate (2) (15 g, 46.1 mmol) was added into a 
hot acidic solution of acetic acid (30 mL) and water (90 mL). After 9 mL of concentrated 
HC1 solution was added, the whole mixture was refluxed for 1 hr. when the suspension 
became totally transparent, the solution was allowed to cool slowly to room temperature 
and the precipitate was filtered off and washed extensively with water. The obtained crude 
product was directly used for next step. The powder was dispersed in water (200 mL). 
Sodium bicarbonate (8.40g, 0.10 mol) was added in portions while ethanol (26 mL) was 
used to get rid of foams. Sodium borohydride (3.90 g, 0.10 mol) was added over 1 hr and 
the pH was kept at an interval of 9-11 by the addition o f sodium bicarbonate (6.70 g, 0.08 
mol). After 2 h, the suspension became totally transparent and then acidified with
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hydrochloric acid, the precipitate was filtered off and washed with 2 L o f water. The 
filtered pellet was dried in vacuum at 40 C. 'H NMR (300 MHz, CDCI3 plus several drops 
o f DMSO-d6) 5 1.49 (d, 3 H, Ar-CHCH3), 2.15 (pentet, 2 H, Ar-0CH 2CH2CH2C 0 2H), 
2.52 (t, 2 H, Ar-OCH2CH2CH2C 0 2H), 3.98 (s, 3 H, Ar-OCH3), 4.13 (t, 2 H, 
Ar-0CH 2CH2CH2C 0 2H), 4.60 (bs, 1 H, Ar-CH(CH3)OH), 5.53 (q, 1 H Ar-CH(CH3)OH), 
7.40 (s, 1 H, Ar-H meta to Ar-N02), 7.57 (s, 1 H, Ar-H orthoto Ar-N02).
4-(4-(l-(Acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy) butanoic acid (5): To a 200
mL two-port round flask, 4-(4-(l-hydroxyethyl)-2-methoxy-5-nitrophenoxy)butanoic acid 
(4.53 g, 15.1 mmol) and TEA (8.28 mL, 59.4 mmol) a solution o f fresh anhydrous THF (50 
mL) were added and cooled to 0 °C. To this solution, a mixture o f acryloyl chloride (2.82 
mL, 52.0 mmol) and THF (10 mL) was added dropwise. After finishing addition, the 
solution was warmed to room temperature. The reaction mixture was stirred 24 h. Upon 
completion, the reaction mixture was poured in water (1.2 L), stirred at room temperature 
for 8  h, extracted with chloroform (5 x 200 mL), dried over MgSC>4, and concentrated to 
dryness via rotary evaporation to yield 4.5 g as a viscous yellow liquid. 'H NMR (CDC13): 
8 1.65 (d, 3 H, Ar-CHCH3), 2.23 (m, 2 H, Ar-OCH2CH2CH2C 0 2H), 2.58 (t, 2 H, 
Ar-0CH 2CH2CH2C 0 2H), 3.92 (s, 3 H, Ar-OCH3), 4.10 (t, 2 H, Ar-0CH 2CH2CH2C 0 2H), 
6.16(m, 1 H, CH=CH2), 6.42, 5.85 (d, d, 2 H, CH=CH2), 6.55 (m, 1 H, 
Ar-CH(CH3)OOCCH=CH2), 7.02 (s, 1 H, Ar-H meta to Ar-N02) , 7.60 (s, 1 H, Ar-H 
orthoto Ar-N02).
Bis(4-(4-(l-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy)-butanate)PEG (M„ =
5200) (6): To a one-port round flask (100 mL),
4-(4-(l-(acryloyloxy)ethyl)-2-methoxy-5-nitrophenoxy) butanoic acid (4.5 g, 12.8 mmol), 
DCM (25 mL) and oxalyl chloride (2 mL) was added. The whole mixture was stirred at ice 
bath for 5 h, the solvent and byproducts were removed under vacuum. The residue was 
dissolved in 10 mL of anhydrous DCM. The solution was added dropwise into the
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suspension of PEG (9.6 g, 2.1 mmol), K2CO3  (1.77 g, 12.8 mmol) and DCM (100 mL) 
under argon atmosphere. After stirring at room temperature for 24 hr, the mixture was 
centrifuged to remove the salt. The transparent solution was precipitated into cold diethyl 
ether twice and filtration to obtain a pale-yellow white powder. The product was dried 
under vacuum at room temperature to constant weight (yield: 10 g). 'H NMR (CDCI3): 5 
1.65 (d, 3 H, Ar-CHCH3), 2.23 (m, 2 H, Ar-OCH2CH2CH2C0 2 ), 2.58 (t, 2 H, 
Ar-0CH 2CH2CH2C 0 2), 3.56-3.75 (m, 4 H, 0C H 2CH20 )  3.92 (s, 3 H, Ar-OCH3), 4.10 (t, 2 
H, Ar-0CH 2CH2CH2C 0 2), 6.16(m, 1 H, CH=CH2), 6.42, 5.85 (d, d, 2 H, CH=CH2), 6.55 
(m, 1 H, Ar-CH(CH3)OOCCH=CH2), 7.02 (s, 1 H, Ar-H meta to Ar-N02) , 7.60 (s, 1 H, 
Ar-H orthoto Ar-N02).
Synthesis of p-NaYF4:Tm3+ 0.5 mol%, Yb3+ 30 mol%  / p-NaYF4 Nanoparticles. The
NaYF4:Tm3+ 0.5 mol%, Yb3+ 30 mol% / NaYF4 core/shell upconverting nanoparticles 
(UCNPs) were synthesized using a modification o f a recently reported procedure. 51 The 
exact experimental procedure is detailed in our recent publication. 52
Figure SI (A-C) shows TEM micrographs of the synthesized NaYF4:Tm3+ 0.5 mol%, Yb3+ 
30 mol% / NaYF4 core/shell UCNPs. The TEM micrographs demonstrate the nearly 
monodisperse particle size o f the UCNPs. The images also show that the UCNPs are 
single crystalline in nature and possess hexagonal prism shapes. The average particle 
length (36.0±1.1 nm) and width (32.0±1.5 nm) was determined from over 100 particles as 
shown in Figure SI (D). The powder X-ray diffraction (XRD) pattern o f the UCNPs is 
shown in Figure SI (E) and was successfully indexed to the hexagonal j8-NaYF4 phase 
(JCPDS standard card 16-0334).
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Figure SI. Characterization data for NaYF4:Tm3+ 0.5 mol%, Yb3+ 30 mol% / NaYF4 
core/shell nanoparticles. A-C) Transmission Electron Microscopy (TEM) micrographs of 
the core/shell UCNPs. D) Size histograms for the UCNPs showing the number o f 
nanoparticles of a given length and width. E) Experimental (top) and /3-NaYF4 JCPDS 
standard card #28-1192 (bottom) powder X-ray diffraction (XRD) patterns for the 
core/shell UCNPs.
4.2.3.3. Sample Preparation and NIR Light-Triggered Release Experiments
Preparation of aqueous solution of UCNPs. The aqueous solution of UCNPs was 
prepared according to a reference: 5 mL o f UCNPs hexane solution (5 mg/mL) was 
combined with 5 mL of dichloromethane solution of N O B F 4 .  After gently stirring for 10 
min at room temperature, white precipitation o f UCNPs was obtained. After centrifugation 
to remove the surfactant, the UCPNs pellet was dispersed into 5 mL o f DMF solution of 
PVP (Mw = 360K, 5 mg/mL). The solution continued stirring vigorously for 1 h and 
excessive amount o f diethyl ether was added into the solution to induce precipitation of 
UCNPs. After centrifugation, the precipitation of UCNPs was redispersed in deionized
water to obtain an aqueous solution at the concentration o f 5 mg/mL.
Loading protein into photo-cleavable hydrogels. Fluorescein isothiocyanate bovine 
serum albumin (FITC-BSA) is dissolved in PBS solution (pH 7.0, 100 mM PBS) at the 
concentration of 1 mg/mL. The stock solution was kept in the refrigerator from light for 
further using. The photocrosslinker (0.01 g, 0.002 mmol), acrylamide (0.09 g, 1.260 mmol) 
was dissolved in the aqueous solution of UCNPs. Then 50 fiL o f FITC-BSA solution was 
added into the above solution. After mixing thorough by vortexing, 4 nL o f 50 % 
ammonium persulphate and 2 fiL of N, N, N ’, N  -tertramethylethylenediamine was injected 
into the protein-monomer solution by microsyringe and let it stand overnight. Aluminum 
foil was used to prevent the photo-cleavable hydrogel from light irradiation.
Release of protein from photo-cleavable hydrogel. The above prepared hydrogel was 
taken out from the vial and cut into the column pieces with the diameter of 1 2  mm and the 
height o f 5mm. All o f them were kept in the dark at room temperature. For the release 
protein experiments, one piece of the hydrogels was cut into 4 equal pieces and then 
washed with PBS solution (pH 7.0) several times. Two hydrogels were put into quartz 
cuvettes, respectively. After gently washing with a PBS solution, 2 mL of fresh PBS 
solution was added. Because the density of hydrogel is bigger than that o f water, the 
hydrogel stands at the bottom of the cuvette. The release amount o f FITC-BSA is 
monitored by fluorescent spectroscopy from the above solution part. To test NIR-triggered 
release of protein from the hydrogel, one hydrogel is exposed to 980 nm laser and the other 
one is kept in dark. During the laser irradiation process, a cooling system was applied to 
guarantee that the temperature o f the whole system was below 20 °C. After 5 min of laser 
irradiation, the fluorescence spectra from the above solutions of both hydrogel were 
recorded.
Preparation of trypsin-loaded hydrogel. Trypsin (1 mg), acrylamide (0.06 g) and
1 3 1
photocrosslinker (0.04 g) were dissolved in 1 wt% UCNP aqueous solution (0.9 g). After a 
homogeneous solution was obtained, the solution was purged with argon for 15 min. The 
redox-initiator pair (APS and TEMED) was injected to initiate the polymerization. 
Usually, the gel will be formed in 10 min. The gel was kept in the dark for 3 h at room 
temperature to complete the polymerization. To keep the enzyme activities, the prepared 
gel was stored at 4 °C.
NIR light-induced recovery of enzyme reactivity. The fluorogenic substrate for trypsin 
Rhodamine 110, bis-(CBZ-L-arginine amide), di(hydrochloride) was dissolved in 
anhydrous DMSO to get a stock solution at the concentration o f 5 mg/mL and kept at -20 
°C. The substrate stock solution was diluted into 10 mM HEPES buffer, pH 7.5 (the 
concentration: 0.025 mg/mL). The solution was prepared just before use in order to 
minimize its self-hydrolyzation. Two equal parts of trypsin-loaded hydrogel (01. g) were 
washed separately with a large amount o f HEPES buffer to get rid of free trypsin on its 
surface. These two hydrogels after washing were separately put into cuvettes. Fresh 
substrate solution (2 mL) was carefully added into the cuvette. In order to avoid the 
influence of the free trypsin on the gel surface, the fluorescence spectra (excitation: 498 
nm, emission: 500 -  700 nm) of the solutions were recorded for 30 min. When fluorescent 
intensity change was minor, the gel was taken out, washed again with the buffer and 
immersed in the fresh buffer (2 mL). To study the effect o f NIR irradiation on the enzyme 
reactivity, one hydrogel was exposed to 980 nm laser irradiation (5 W); the other one was 
kept in dark. During the laser exposure, a cooling system was applied to guarantee that the 
temperature was kept near room temperature. The fluorescence spectra o f the above 
solution from both samples were recorded after a given time.
4.2.3.4. Photoreaction of Photolabile Crosslinker under UV or NIR Irradiation.
Figures S2 and S3 show the emission spectra of neat UCNPs in solution and UCNPs
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loaded in the hydrogel, respectively, under 980 nm excitation at various laser powers. The 
disappearance of emission bands in the UV spectral region clearly indicate that the UV 
light emitted by the UCNPs are absorbed by the o-nitrobenzyl-containing hydrogel, which 
is the origin of NIR light-triggered gel-sol transition. The absorption spectral changes in 
Figure S4 indicate the photoreaction o f the photocleavable crosslinker under NIR or UV 
irradiation. Without UCNPs, NIR laser irradiation has no effect on the photoreaction o f the 
photocleavable crosslinker. No change o f the UV-vis spectra was observed (see Figure S4 
(a)). After introducing UCNPs into the solution, a clear photoreaction occurred by 
exposure of NIR irradiation. Figure S4 (b) showed a typical UV-vis spectra change: the 
maximum absorption around 365 nm was shifted into higher wavelength around 450 nm, 
meanwhile a new peak at around 270 nm appeared and increased with NIR irradiation. 
Upon direct exposure to UV light generated by a Novacure UV curing system (~10 
mW/cm2 365 nm), the same photoreaction occurred but in a faster rate as expected (see 
Figure S4 (c)).
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Figure S2. Emission spectra o f an aqueous solution of UCNPs under 980 nm excitation 
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nm excitation with different laser powers.
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Figure S4. Absorption spectral changes of a chloroform solution of photocleavable 
crosslinker (0.8 mg/mL): a) under 980 nm NIR exposure without added UCNPs; b) under 
980 nm exposure with UCNPs added in the solution (5 mg/mL); and c) the same solution as 
in b) under direct 365 nm UV light irradiation (~10 mW/cm2).
4.2.3.5. NIR Light Responsiveness of a Control Hydrogel with Non-photosensitive 
Crosslinker
In order to avoid the heat effect from the NIR laser, we prepared a hydrogel using the same
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conditions as the photoresponsive hydrogel. The only difference is that we used N, 
N ’-methylene-bisacrylamide instead of photocleavable crosslinker. Figure S5 shows the 
release of FITC-BSA from different hydrogels by exposure of NIR irradiation. Compared 
to the release kinetic without NIR irradiation, there are only a slight increase on the protein 
release was found after exposure to a 5 W NIR laser irradiation.
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Figure S5. Release of protein from different hydrogels by NIR laser irradiation of different 
intensity.
4.2.3.6 . Control Tests for Estimating the NIR Light-Triggered Release Degree of 
FITC-BSA and Trypsin
In order to quantify the amount o f FITC-BSA has been released from the hydrogel under 
NIR light irradiation, a FITC-BSA solution in PBS at the same concentration of that used 
for the hydrogel was prepared. By comparing the peak fluorescence emission intensity o f 
the protein in the control solution and from UCNP-loaded hydrogel, (Figure S6 a), about 67 
% and 38% of FITC-BSA have been released after 50 min NIR laser irradiation at 5 W and 
3.1 W, respectively. The same control experiment was carried out for the release o f trypsin. 
In this case, a trypsin solution in HEPES buffer at the same concentration as that used for 
hydrogel was directly mixed with 2 mL o f fresh fluorogenic substrate solution (0.025
135
mg/mL). After stirring in dark for 1 hour, the fluorescence spectrum was recorded. Figure 
S6 b compares the fluorescence emission spectra of the substrate solution with trypsin in 
the solution and that in the hydrogel, suggesting that about 72% of trypsin was released 
under 5W NIR irradiation for 57 min under the assumption that the enzyme reactivity was 
the same in both solutions (with and without the hydrogel as well as photocleaved 
products). Also, in all the calculations, it was assumed that the protein or enzyme used for 
the gel preparation was all encapsulated, which is unlikely. This means that the release 
percentages are likely underestimated.
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Figure S6 . Fluorescence emission spectra for: (a) FITC-BSA in PBS and released from the 
hydrogel (Xex=494 nm); and (b) RBI 10 generated by trypsin in HEPES and trypsin 
released from the hydrogel (>.ex=498 nm).
4.2.3.7. TEM Observation of UCNP-loaded Hydrogel
A thin layer o f the UCNP-loaded hydrogel without biomacromolecules was prepared in 
order to observe the dispersion of UCNPs in the hydrogel. Hydrogel sections (about 70 nm 
thick) were prepared using a cryo-ultramicrotomer at -120 °C. The layers were put on a 
formvar-carbon grid for TEM observation. Figure S7 shows a representative TEM image 
of the hydrogel section. Some aggregation of UCNPs was observed. This is likely to be 
caused by the shrinking of the thin layer under high vacuum.
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Figure S7. TEM image recorded with a cryo-microtomed thin layer o f UCNP-loaded 
hydrogel.
4.2.3.8 . Determination of the Hydrogel Composition
In order to obtain the molar ratio between the acrylamide monomer units and the PEG 
crosslinker in the hydrogel, a sample (~ 100 mg) was soaked in deionized water (5 mL) for 
48 h to remove unreacted monomer/crosslinker. The water was changed every two hours. 
Afterwards, the hydrogel was exposed to UV irradiation (365 nm, 10 mW/cm2, 45 min) to 
complete degradation (cleavage of o-nitrobenzyl moieties). The resulting solution was 
collected and the water was evaporated under reduced pressure before the sample was 
dried in a vacuum oven at 60 °C overnight. The dry sample was re-dissolved in 
<i-chloroform for recording the *H NMR spectrum. Based on the integrals of the PEG 
resonance peak (-CH2-CH2-O-) at about 3.4 ppm and the peaks at around 1.2-2.2 ppm 
(-CH2-CH-) which belong to the acrylamide and crosslinker, the molar ratio o f acrylamide 
to PEG crosslinker was calculated to be about 50.
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4.3. Conclusions of the Project
In this chapter, we continued to explore new applications of UCNPs in photoresponsive 
polymer hydrogel. We demonstrated how to use NIR-light to activate photoresponsive 
hydrogels by combining continuous-wave NIR laser excitation and UCNPs. With the 
help o f UCNPs, it is possible to induce a gel-sol transition upon 980 nm irradiation. This 
NIR-induced gel-sol transition was used to control the release o f caged biomolecules, for 
instance that o f enzymes and proteins, from the hydrogels, thereby recovering their 
bioactivity in solutions.
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CHAPTER 5. MANIPULATION OF BLOCK 
COPOLYMER VESICLES USING C 0 2: DISSOCIATION
OR “BREATHING”
5.1. About this project
A variety of BCP vesicles have been developed in order to respond to such stimuli as 
change in temperature or pH, exposure to redox species or light or C 0 2, to name a few. 
Among these stimuli, dissolved C 0 2 has been increasingly gaining attention. Generally, 
C0 2 -responsive polymers can be synthesized by introducing amidine units into their 
structures. However, their synthesis is challenging and amidine-containing polymers may 
be hydrolytically unstable. Recently, our group has discovered a method that makes the 
preparation of C 0 2-responsive polymers more accessible. By using commercially 
available tertiary amine-containing comonomers as C 0 2-reactive comonomer units in 
thermosensitive polymers having a LCST, the water solubility of a wide range of 
polymers can be easily and reversibly controlled by passing alternately C0 2 and an inert 
gas (Ar or N2) into the solution, as a result o f C 0 2-switchable LCST. A study on the use 
of dissolved C 0 2 as a trigger to manipulate the structural and morphological transitions o f 
BCP vesicles is presented in this chapter.
A manuscript reporting this work is accepted by Soft Matter. This project was carried out 
in the Polymers and Liquid Crystals Laboratory, under the supervision of Prof. Yue Zhao 
and co-supervision of Prof. Patrick Ayotte. Dr. Dehui Han participated in the synthesis o f 
the monomers and block copolymers. Mr. Olivier Boissiere assisted me in the 
measurements of their pKa and degree of protonation. I performed the rest o f the 
experiments reported in this publication. I wrote the first draft of the manuscript. Prof. 
Zhao finalized the manuscript with revision contributions from Prof. Ayotte.
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5.2.1. Abstract
We demonstrate a general way to prepare CC>2-responsive block copolymer (BCP) 
vesicles by employing poly(7V,Ar’,-diethylaminoethylmethacrylate) (PDEAEMA) as the 
hydrophobic block. Two amphiphilic block copolymers containing either 
poly(A,A’,-dimethylacrylamide) (PDMA) or poly(ethylene oxide) (PEO) as the 
hydrophilic block, and either PDEAEMA or P(DEAEMA-co-CMA) 
(photo-cross-linkable PDEAEMA containing a number of coumarin side groups) as the 
hydrophobic block, were synthesized and used to prepare vesicles in aqueous solutions. 
These vesicles exhibit very good responsiveness to gas stimuli. On the one hand, upon 
CO2 bubbling, PDMA-6 -PDEAEMA vesicles display morphological changes that range 
from expansion to complete dissociation, which is thought to be determined by the 
protonation degree of DEAEMA unit in the vesicle membrane. On the other hand, 
PEO-i-P(DEAEMA-co-CMA) vesicles whose membrane is cross-linked through 
coumarin dimerization, can undergo reversible expansion and contraction under 
alternating passage of C 0 2 and argon (Ar) in solution; the extent of such vesicle 
“breathing” can be controlled by adjusting the degree o f dimerization o f coumarin within 
the vesicle membrane. Finally, pyrene-1, 3, 6 , 8 - tetrasulfonic acid tetrasodium was used 
as a model drug, allowing its C0 2 -controllable release from these two vesicle types to be 
investigated.
5.2.2. Introduction
Block copolymer (BCP) vesicles continue to be an exciting topic for both fundamental 
and applied research1'9. When stimuli-responsive polymers are used as constituents in 
amphiphilic BCPs, the resulting vesicles become “smart” and can respond to stimuli such 
as change in temperature11' 13 or pH14'20, as well as exposure to light21*29, redox species30"32, 
sugar33' 35 or an electric field, 36 to name a few. Extensive effort has been devoted to the
1 4 1
development and study of these stimuli-responsive BCP vesicles. As an inexpensive and 
benign stimulus, CO2 has been found to be able to switch properties of some solvents37'39, 
surfactants40 and initiators41. While the majority of C0 2 -switchable compounds bear the 
amidine functionality in their structures, allowing reversible reactions with CO2 in water 
to form cationic amidinium bicarbonate, amine-based solvents are also known .42-43 In 
recent years, there has been growing interest in developing C0 2 -responsive polymers by 
having C0 2 -sensitive moieties in their structures.44-48 In particular, CO2 has been used as 
a trigger to alter the structure o f BCP vesicles.49 This was demonstrated by Yuan et. al 
who recently prepared a diblock copolymer comprising hydrophilic poly(ethylene oxide) 
(PEO) and a hydrophobic polymethacrylate containing amidine side groups. Vesicles 
prepared using this BCP in aqueous solution were shown to undergo reversible volume 
expansion in the presence of CO2 and contraction upon removal o f CO2 by Ar. Switching 
between the charged and neutral form of amidine groups within the vesicle wall was 
identified as the origin of the interesting “breathing” behavior. Upon CO2 bubbling to 
equilibrium, volume expansion of the vesicles occurred but it did not result in their 
dissociation. This was interpreted by invoking the limited extent of the protonation o f 
amidine groups which could not render the membrane-forming block soluble in water.
Although amidine-containing BCP vesicles show excellent C0 2 -responsiveness and 
gas-controllability, their synthesis o f amidine-containing polymers remains challenging 
and they may be hydrolytically unstable. In order to make CO2 a widely accessible trigger 
for stimuli-responsive polymers, similarly to those that rely on pH and temperature as a 
stimulus, it is necessary to find a facile and robust method for preparing C0 2 -responsive 
polymers. In our recent work, we demonstrated such a method. 50 In essence, we showed 
that this can be achieved by incorporating commercially available comonomer units 
bearing tertiary amine or carboxylic acid side groups into, in principle, any 
thermosensitive polymers displaying a lower critical solution temperature (LCST), such 
as poly(V-isopropylacrylamide) (PNIPAM) and poly(2-(2-methoxyethoxy)ethyl
1 4 2
methacrylate (PMEO2MA). Bubbling CO2 and an inert gas (N2 or Ar) alternately in 
solution allows the LCST of the polymer to be switched reversibly between two 
temperatures, making it possible to switch the water solubility of the polymer at a 
constant solution temperature and this, without addition of acids or bases. This progress 
opens new perspectives for CCVswitchable polymers and devices. We and others already 
reported various applications o f tertiary amine-containing CC>2-responsive polymers, 
including CCVswitchable hydrogels, 51 gold nanoparticles52 and polymeric surfactants for 
emulsion polymerization.53"54
In this paper, we report a new demonstration of application with tertiary 
amine-containing C0 2 -responsive polymers. We designed and synthesized diblock 
copolymers for BCP vesicles that can either be completely dissolved or undergo 
enormous and tunable volume change (i.e., “breathing”) upon bubbling CO2 in the 
aqueous vesicle solution. Besides the use o f easily accessible polymers, the main 
difference, and novelty, with respect to the reported amidine-based BCP vesicles49 is that 
the vesicle wall is made with a polymer that can become totally soluble in water in the 
presence of CO2. This enables much more drastic gas-controllable structural or 
morphological changes o f the vesicles, i.e., dissolution or very large volume expansion (~ 
2100% increase!). The present study thus shows an easy way to prepare BCP vesicles 
whose chain association state in aqueous solution can be effectively manipulated by 
modulating the concentration of dissolved CO2 .
5.2.3. Results and Discussion
5.2.3.1. Block Copolymer Design
We used poly(N,N,-diethylaminoethylmethacrylate) (PDEAEMA) for building the 
C0 2 -responsive vesicle wall. At neutral pH, this polymer is insoluble in water and can 
thus act as the hydrophobic block. Upon protonation of the tertiary amine side groups as a
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result o f reaction with CO2 in water, it can become totally soluble in water. Our BCP 
design is explained in Figure 1, showing a schematic o f the target C 02-dissociable (i.e., 
Figure la) and C0 2 -controllable “breathing” (i.e., Figure lb) vesicle as well as the 
corresponding BCP structures for the two types o f vesicles. For C0 2 -dissociable vesicles, 
the BCP comprises the water-soluble poly(N,N’-dimethylacrylamide) (PDMA) and 
PDEAEMA. For the “breathing” vesicle, the dissociation o f vesicle wall should be 
avoided. To achieve this, we thought o f using chain cross-linking to enhance the 
structural integrity of the vesicle. 1 3 ,1 8 ,1 9 ,5 5 ,56 The selected BCP was thus designed to have 
the water-soluble poly(ethylene oxide) as the hydrophilic block, while PDEAEMA was 
chosen as the CO2 responsive block (i.e., hydrophobic in the absence of dissolved CO2).
PDMA-A-PDEAEMA
Wall-crosslinking
PEO-6 -P(DE AEMA-co-CM A)
Figure 1. Schematic illustrations and the used block copolymer structures for (a) 
C0 2 -dissociable vesicles and (b) gas-controllable “breathing” vesicles. In the latter case, 
polymer chains in the vesicle wall can be cross-linked with tunable cross-linking density 
using the reversible photo-dimerization of a small amount of coumarin side groups.
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A number o f coumarin methacrylate (CMA) comonomer units were introduced into the 
PDEAEMA block thereby providing the required tunable cross-linking density, and 
enhanced vesicle wall integrity, through reversible photoinduced dimerization of 
coumarin. While dissolved CO2 can still render the PDEAEMA block soluble in water, 
cross-linking within the vesicle wall can inhibit dissociation, thus resulting in only 
expansion.
5.2.3.2. CC>2-Dissociable Vesicles
First, we investigated the possibility o f dissolving BCP vesicles completely by using 
CO2 . The sample used for this purpose, PDMA30-&-PDEAEMA400, was synthesized by 
means of RAFT polymerization, and the BCP composition was determined using *H 
NMR (details on synthesis and characterization are provided in the Supporting 
Information). As compared to the PDMA block, the much longer chain length of the 
PDEAEMA block, which is hydrophobic at neutral pH and room or physiological 
temperatures, was chosen to favor the formation of vesicles rather than core-shell 
micelles. 18' 20 Indeed, using the nano-precipitation method49, the BCP self-assembles 
nicely to form vesicles. The responsiveness of the vesicles to CO2 was investigated by 
using several characterization methods. Figure 2 summarizes the typical results.
The transmittance measurement results at room temperature for a vesicle solution in 
response to the presence of CO2 in solution are shown in Figure 2a. An increase in 
transmittance was detected even after the injection of a very small amount o f CO2 , 
corresponding to ~ 7 mol% of the tertiary amine groups on the BCP, into the vesicle 
solution in a sealed cuvette. The transmittance increased after each injection raised the 
amount of dissolved CO2, indicating the disruption of the vesicles due to the partial 
protonation of the tertiary amine groups as a result of their reaction with CO2 in water. At 
about 18 mol% of C 0 2, the solution became totally transparent, suggesting the complete 
disassembly of the vesicles into dissolved polymer chains. The photos in Figure 2a show
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Fig. 2  (a) Transmittance change in vesicle solution o f P D M A 3 0 - 6 - P D E A E M A 4 0 0  ( 1 0  
mg/mL, 2 mL) as function of CO2 (the value in parentheses is the solution pH after CO2 
injection), (b) DLS results and (c) T E M  images show the size and morphologies change 
of vesicles responding to CO2 .
the visually observable transmittance change with increasing the amount o f CO2. The 
same vesicle solution containing different amounts of CO2 was used for DLS 
measurements in order to determine the distribution of vesicle sizes. The results in Figure 
2b clearly show that the dissociation of the vesicles by CO2 consists of two steps. The 
first step is swelling and it occurred at relatively low amounts of CO2 . The average 
hydrodynamic diameter ( D h )  of the vesicles changed from ~ 300 nm prior to CO2 
injection to 410 nm at 9 mol% CO2 and then reached 720 nm at 13 mol% CO2 . The 
second step is the total dissociation of the vesicles. This occurred when the amount o f 
CO2 was increased to ~ 18 mol%, as revealed by both the transmittance and DLS 
measurements. Samples cast from these vesicle solutions were subjected to TEM 
observation. The micrographs displayed in Figure 2c basically confirm the above analysis.
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The vesicle size change garnered from the TEM observation agrees well with the DLS 
measurements. However, at 13 mol% CO2 , the TEM reveals not only large swollen 
vesicles but also the coexistence o f some small particles. This apparent discrepancy is 
likely due to alterations o f the vesicles populations that may have occurred during sample 
preparation for TEM. As the sample was prepared by casting the vesicle solution on the 
grid under the ambient condition, CO2 in the air could be absorbed by the solution before 
drying, triggering the dissociation of swollen vesicles at this stage. The two-step 
C 0 2-induced vesicle dissociation can thus easily be understood. When a small amount of 
CO2 is injected into the solution, only a small fraction o f the tertiary amine groups in the 
vesicle wall of PDEAEMA cam react with dissolved CO2 and becomes charged. As the 
polarity of the vesicle wall increases, water flows in and the vesicle swells. However, 
unprotonated PDEAEMA can still provide enough cohesion within the BCP, thereby 
locking the vesicle structure and preventing it from dissociation.49 With increasing 
amounts o f dissolved CO2, more and more tertiary amine groups get protonated, resulting 
in an increase o f solubility of PDEAEMA. Upon reaching the point where PDEAEMA 
becomes soluble in water, the dissociation of the vesicles inevitably occurs. The results in 
Figure 2 show that under the stated experimental conditions, and for BCP samples 
prepared as described, the PDEAEMA vesicle wall-forming block becomes soluble when 
the amount of CO2 reaches about 18 mol% of the tertiary amine groups in the BCP. This 
corresponds to a protonation degree of about 50% of amine groups in the PDEAMEA 
(Supporting Information). Before concluding this section, we note that due to the high 
PDEAEMA to PDMA weight ratio of the BCP, after the vesicles are dissolved by their 
exposition to CO2, they cannot be assembled again just upon removal o f CO2 by purging 
the solution with Ar. As the PDEAEMA block switches back to be insoluble in water, the 
BCP chains are not in the condition used to prepare the initial vesicles. The predominant 
hydrophobic block leads to precipitation of the BCP. Similar situations were reported 
previously in the literature.57
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5.2.3.3. Gas-Controllable “Breathing” Vesicles
As mentioned above, if  PDEAEMA chains in the vesicle wall are chemically cross-linked, 
when they become soluble in water due to the reaction with CO2, they cannot be 
dissolved. The vesicle wall can only swell like a hydrogel, which should preserve the 
vesicle structure while allowing it to expand. After removal of CO2, as the vesicle wall is 
insoluble, the vesicle should shrink back to the initial state. We tried to know how big the 
expansion could be by using a tunable low cross-linking density. This “breathing” 
behavior is somewhat different from many reported stimuli-responsive “breathing” 
vesicles, using pH18or CO249. In those studies, an increase in the polarity o f the vesicle
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Fig. 3 (a) DLS data show size distributions o f PEO-Z)-P(DEAEMA-co-CMA) vesicles 
with different dimerizations before and after C 0 2 bubbling; (b) reversible size changes 
o f vesicles after CO2 and Argon bubbling, respectively; (c) TEM images show the size 
change of vesicles with 30% dimerization after CO2 and Argon bubbling, respectively.
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wall-forming polymer results in hydration of the vesicle wall that remains insoluble in 
water. In other words, with a vesicle wall that becomes totally soluble in water, yet 
undissociable due to cross-linking, more important volume expansion and contraction 
could be achieved. To test this hypothesis, we designed and synthesized a second diblock 
copolymer PEO45-6 -P(DEAEMAi20-co-CMA6). Since the vesicle wall-forming block of 
this BCP sample contains only ~ 5 mol% o f coumarin side groups, even at 100% 
photodimerization degree, the cross-linking density of the vesicle wall is low. Using the 
nano-precipitation method49, this BCP could also form vesicles. The photodimerization of 
coumarin groups inside the vesicle wall was obtained by exposing a vesicle solution to 
UV light (X>31 Onm); the process could be monitored by recording UV-vis absorption 
spectra (Fig.SS). By adjusting the UV irradiation time, we prepared vesicles o f which the 
wall was photo-cross-linked to different extents corresponding to degree o f dimerization 
of the coumarin groups reaching 30%, 60% and 90%. We then investigated the 
“breathing” behavior o f these vesicles in aqueous solution by bubbling alternately CO2 
and Ar. The results are summarized in Figure 3.
The gas-controllable “breathing” behavior of the BCP vesicles is quite stunning. The 
DLS results in Figure 3a are meant to show 1) the reversible expansion and contraction 
and 2) the effect of wall-cross-linking density on the achievable expansion. On the one 
hand, for the vesicles whose walls were cross-linked to 90% coumarin dimerization, they 
did not disassemble but swelled upon CO2 bubbling. Their average Dh increased from 
about 134 nm (black curve) to 187 nm (red curve). Subsequently, by passing Ar into the 
solution, the vesicles collapsed and recovered their initial sizes (blue curve). On the other 
hand, by lowering the vesicle wall cross-linking density to dimerization degree of 60 and 
30%, as expected, the vesicle expansion under CO2 became increasingly important. At 
60% dimerization, the average Dh of the vesicles increased from - 1 3 4  nm to 275 nm 
(green curve), and at 30% dimerization, it reached 373 nm. In the latter case, this change 
corresponds to a vesicle volume increase o f about 2 1 0 0 %, i.e., their volume increases 2 2
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times upon exposure to dissolved CO2 in solution. To our knowledge, this is one of the 
biggest volume expansions o f BCP vesicles induced by a stimulus. Figure 3b reports DLS 
results for two and half cycles of the gas-induced expansion and contraction for vesicles 
with different wall cross-linking densities. The reversible volume changes are evident in 
all cases. Figure 3c shows typical TEM images obtained by casting vesicles with the 
lowest wall cross-linking density (30% coumarin dimerization) in solution after bubbling 
with C 0 2 and Ar, respectively, confirming the enormous size change revealed by DLS. 
These results confirm our hypothesis that with a low vesicle wall cross-linking density, 
the volume expansion can be huge. Our BCP vesicles have very “deep breath” in 
response to the CO2 and Ar introduced alternately into the solution.
A couple o f observations are worth being mentioned. First, to preserve the dispersion 
of vesicles in solution, it is better to store them in the collapsed state than in the swollen 
state. With the vesicles stored after CO2 bubbling, large aggregates were found after 
several days, likely due to the electrostatic interaction between expanded vesicles with 
PDEAEMA chains bearing charged ammonium bicarbonate. Secondly, upon CO2 
bubbling, since tertiary amine groups of PDEAEMA can react with CO2 by catalyzing its 
hydrolysis to form carbonic acid, 50’ 58 there is a decrease in the pH accompanying the 
protonation of tertiary amine groups. In the present case, as CO2 is bubbled through the 
vesicle solution, pH decreased from the initial 8.3 to 4.8 at equilibrium, which is related to 
the protonation degree of the PDEAEMA block (Fig.S4).
5.2.3.4. CC>2-Triggered Release
A possible application of these vesicles is to control the release of substances loaded 
within the vesicle by exposing solutions to CO2 .49 We investigated this possibility by 
loading a fluorescent dye, pyrene-1, 3, 6 , 8 - tetrasulfonic acid tetrasodium, in the two 
types of vesicles. Dye encapsulation into the interior of the vesicles was carried out using
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a method reported in the literature. 14 The experimental setup used is shown in Figure 4a. 
A solution of dye-loaded vesicles in the presence o f CO2 was introduced into a dialysis 
bag immersed in water in a cuvette. Dye molecules passing the vesicle wall can diffuse 
through the membrane at the bottom of the dialysis bag and into the solution below 
whereby their fluorescence can be detected. In order to allow meaningful comparisons to 
be made, all measurements were carefully carried out under the same conditions (the 
same polymer and dye concentrations, the same vesicle solution volume in the dialysis 
bag and the same water volume in the cuvette). For C0 2 -dissociable 
PDMA-6 -PDEAEMA vesicles, a given amount of CO2 was injected into a vesicle 
solution. When the transmittance became constant (Fig.2), the solution was transferred to 
the dialysis bag and fluorescence emission spectra of the dye were recorded over time. In 
this way, the amount o f dye molecules released from the vesicles in response to their 
exposure to CO2 could be revealed by means of their fluorescence intensity. The results 
are shown in Figure 4b. Without CO2 in the vesicle solution, only a small amount of dye 
could be released. With 9 and 13 mol% CO2 in the solution, more dye molecules were 
released from the vesicles. This clearly is the consequence of swelling vesicle wall before 
total dissociation, which increases the membrane permeability. Indeed, it is expected to 
be much easier for dye molecules to pass the vesicle wall as it swells. At 18 mol% CO2, 
the amount of detected dye molecules increased very quickly, indicating a complete and 
sudden dye release from the vesicles upon their total dissociation. These results are rather 
well correlated with the reactions o f the vesicles in the presence of different amounts of 
CO2 (Fig.2). We note that without CO2, about 70% of dye could be retained at pH 8 . 6  
after 24h.
In the case of the vesicles formed by PEO-Zj-P(DEAEMA-co-CMA), which can only 
swell due to cross-linked vesicle wall, the experimental conditions used were different. 
We investigated vesicles with three different wall cross-linking densities obtained by 
varying the degree of photodimerization of the coumarin groups. For each of the
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solutions, CO2 was bubbled to reach the asymptotic vesicle expansion (Fig.3) before the 
vesicle solution was transferred to the dialysis bag for the fluorescence measurements. 
The results are shown in Figure 4c. From the apparent rate o f  dye diffusion into the 
solution and the fluorescence intensity, fewer dye molecules are released from the 
vesicles whose wall cross-linking displayed a relatively high density (i.e., having 90% 
coumarin dimerization) than from vesicles whose walls cross-linking displayed a lower 
density (i.e., having 60% and 30% coumarin dimerization) in response to their exposure 
to CO2 . It is no surprise to have greater membrane permeability when the vesicles expand 
more in solution. However, more subtle differences were observed for the vesicles whose 
walls were cross-linked at 30% and 60% coumarin dimerization, suggesting that beyond a 
critical expansion, the vesicle membrane becomes so loose that the diffusion of dye 
molecules out of the vesicles becomes mostly insensitive to the vesicle expansion.
Dialysis cu|
Dye loaded vesicle*
- o —0 mot%COj 
—0 —9 mot% 
—A—13 md%
—^ - 18md%
6  “ & " 4) ' ffl ' &
Time(min)
Fig. 4 (a) Setup used to detect dyes diffusing from a BCP vesicle solution through a 
dialysis membrane into aqueous solution underneath, (b) and (c) Controlled release of 
pyrene-1, 3, 6 , 8- tetrasulfonic acid tetrasodium from PDMA-6 -PDEAEMA vesicles after 
purging different amount o f CO2 (b); and from PEO-Z)-P(DEAEMA-co-CMA) vesicles of 
different dimerization after saturated CO2 purging (c). The dye release was monitored 
by measuring its fluorescence emission intensity at 384 nm (A,ex=354 nm). See Supporting 
Information for details
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5.2.4. Conclusions
We have shown how to prepare C0 2 -controllable BCP vesicles by using BCPs based on 
the C0 2 -responsive, commercially available tertiary amine-containing monomer 
DEAEMA. We demonstrated that CO2 could be used as an easy trigger to change the 
polymer chain association state in aqueous solution and thus manipulate the structural 
and morphological transitions o f BCP vesicles. The key for the BCP design is to have the 
PDEAEMA block form the vesicle wall in the absence o f CO2 due to its water 
insolubility (at neutral pH), but exploit its ability to become totally soluble in water in the 
presence of C 0 2. This allows the BCP vesicle to undergo drastic changes in response to 
CO2 . On the one hand, with PDMA-6 -PDEAEMA, the vesicle can be completely 
dissociated in water when a sufficient amount o f CO2 is injected into the solution. On the 
other hand, with PEO-i-P(DEAEMA-co-CMA), when the vesicle wall is only slightly 
cross-linked by tuning the degree of photodimerization of coumarin comonomer units, 
the vesicle can expand its hydrodynamic volume by as much as 2 1 0 0 % in the presence of 
CO2 and contracts to the initial volume upon CO2 removal by Ar. These C0 2 -induced 
effects on BCP vesicles are unprecedented, while the BCP design principle and easy 
synthesis can be applied to a wide range of polymers.
Supporting Information. Details on block copolymer synthesis, vesicle preparation and 
more characterization results by using pH, DLS and UV-vis. This material is available free 
of charge via the Internet at http://pubs.rcs.org.
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5.2.5. Supporting Information.
1. Materials
All chemicals were purchased from Aldrich. N, N ’-dimethylacrylamide (DMA) and 
2-(diethylamino)ethyl methacrylate (DEAEMA) were purified by passing through an 
activated basic A120 3 short column to remove the inhibitor. Poly(ethylene oxide) (PEO) 
macroinitiator was prepared by reacting PEO monomethyl ether (Mn = 2000 g/mol) and
ci
2 -bromoisobutyryl bromide. 4-Methyl-[7-(methacryloyl)oxylethyoxyl]coumarin 
(coumarin methacrylate CMA) was synthesized using the method previously reported .S2 
The starting chain transfer agent, 2-(2-cyanopropyl)dithiobenzoate (CPDB), was
p i
synthesized using a literature method.
2. Characterization
'id NMR spectra were recorded on a Bruker 300MHz spectrometer using deuterated 
chloroform as the solvent and tetramethylsilane as the internal standard. They were used 
to determine the block copolymer compositions. Size exclusion chromatography (SEC) 
measurements were performed on a Waters system equipped with a photodiode array 
detector (PDA 996) and a refractive index detector (RI 410). THF was used as the eluent 
at an elution rate of 1 mL/min, while polystyrene standards were used for calibration. 
Change in the transmittance (at 550 nm) of a given polymer solution on heating was 
recorded using a Varian 50 Bio UV-vis spectrophotometer. The steady-state fluorescence 
emission spectra were obtained with a Varian Cary Eclipse fluorescence spectrometer. 
The morphologies o f the polymer vesicles were examined using a Hitachi H-7500 
transmittance electron microscope (TEM) operating at 60 kV. For the TEM measurements, 
a drop of a given vesicle solution was put on a TEM copper grid, kept still for 5 min, 
before the excess solution was removed by using a filter paper and the sample was let to 
dry at room temperature overnight. The pH measurements were carried out using a pH
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meter (AB15, Fisher Scientific).
3. Block Copolymer Synthesis
RAFT Synthesis of PDMA RAFT agent. RAFT polymerization of D M A  was conducted 
at 78 °C, employing A I B N  as the radical initiator and C P D B  as the RAFT chain transfer 
agent. A typical reaction was as follows. In a 25 mL one-pot round flask. D M A  (3 g, 0.03 
mol), C P D B  (0.382 g, 0.001 mol), A I B N  (0.0324 g, 0.0002 mol) were added. Then 3 mL 
of anhydrous anisole was added to dissolve the mixture. After purging with argon of high 
purity for 30 min, the flask was immersed into a preheated oil bath for 4 h at 78 °C under 
continuous stirring. The crude product was purified by precipitation into excess ethyl 
ether twice, followed by vacuum-drying. The monomer conversion was almost 100% as 
estimated from the 'H  N M R  spectrum. The sample obtained is denoted as P D M A 3 0  
macroinitiator ( P D I  = 1.08, Mn = 4,000, from SEC).
RAFT Synthesis of PDMA-6-PDEAEMA Diblock Copolymer. P D M A 30 macroinitiator 
was used as the chain transfer agent to prepare the block copolymer. P D M A 3 0  
macroinitiator (0.075 g, 0.025 mmol), D E A E M A  (1.65 g, 0.01 mol), A I B N  (0.0016 g, 
0.001 mmol) were dissolved in 2 mL of 1, 4-dioxane. After purging the mixture with 
argon for 30 min, the reaction was allowed to last for 24 h at 78 °C under continuous 
stirring. The product was purified by precipitating the polymer solution into excess cold 
hexane three times, followed by vacuum-drying overnight. The sample obtained was 
characterized by !H N M R  (Figure SI) yielding P D M A 3 0 - 6 - P D E A E M A 4 0 0 .  From SEC: 
P D I  = 1.27, M„ = 51,400.
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Figure S2. *H NMR spectrum of PEO-6 -P(DEAEMA-co-CMA) in DCCI3 .
ATRP Synthesis of PEO-A-P(DEAEMA-co-CMA). The diblock copolymer was 
synthesized by means of ATRP using PE0 4 5-Br as the macroinitiator. The reaction was as 
follows. CuBr (0.0143g, 0.1 mmol), PE045-Br (0.2 g, 0.1 mmol), PMDETA (0.0173 g, 
0.1 mmol), CMA (0.29 g, 1 mmol), DEAEMA (1.49 g, 9 mmol) were dissolved in 4 mL
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of anisole in a 10 mL flask under an argon atmosphere. The reaction mixture was 
degassed by three freeze-pump-thaw cycles and then filled with argon. The flask was then 
placed in a preheated oil bath at 70 °C for 2 h. After polymerization, the solution was 
cooled to room temperature and diluted with THF. The mixture was passed through a 
neutral AI2O3 column to get rid o f copper salt. The purification of the polymer was 
completed by two THF solution precipitations into cold hexane twice. The sample was 
finally dried in a vacuum overnight. Knowing the molecular weight of the PEO block, 'H 
NMR analysis (Figure S2) yielded a block copolymer composition of 
PEO 4 5 - 6 -P (D E A E M A 1Oo-c0 -C M A 6 ). From SEC: PDI = 1.21, Mn = 16,700.
4, P r e p a r a t i o n  o f  B l o c k  C o p o l y m e r  V e s i c l e s
Either PEO45-/>-P(DEAEMAiOo-c0 -CMA6) or PDMA30-&-PDEAEMA400 was dissolved in 
THF at a concentration of 5%. Under sonication, 2 mL of the THF solution was added 
into 10 mL of deionized water. Afterwards, THF was evaporated under vacuum at room 
temperature. The final polymer concentration in the aqueous solution was adjusted to 1% 
(10 mg/mL) for further experiments.
5. T r a n s m i t t a n c e  M e a s u r e m e n t s  o f  V e s i c l e  S o l u t i o n s  o n  H e a t i n g  i n  t h e  P r e s e n c e  o f  
C 0 2
An aqueous vesicle solution of P D M A 3 0 - & - P D E A E M A 4 0 0  (2 mL, 10 mg/mL, 
concentration of D E A E M A  groups ~ 0.05 mol/L) was placed in a quartz cuvette and 
sealed by a rubber stopper. Using a pressure-lock precision analytical syringe, different 
amounts of CO2 (1 atm) was injected into the vesicle solution. Before CO2 injection, 
absorption spectra o f the solution were recorded for measuring the transmittance (at 550 
nm). After each CO2 injection, the transmittance measurement was made after every 2 
min with the solution under stirring. All the measurements were carried out at room 
temperature.
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6. Loading and Release of Pyrene-1,3 ,6 ,8-tetrasulfonic acid tetrasodium
For loading the model dye into the vesicles, pyrene-1, 3, 6 , 8 - tetrasulfonic acid 
tetrasodium salt was dissolved in 4 mL of either block copolymer vesicle solution (25 
mg/mL) to obtain a dye concentration o f 100 //M. The solution was sealed with parafilm 
and kept under stirring in the dark. After 72 h, dye-loaded vesicles were separated by 
centrifugation at 20,000 rpm. These vesicles were further subjected to dialysis against 
deionized water (2 L, pH 8 .6 ) for 12 h; fresh water was used for every 3 h. The used 
pH=8 . 6  for the dialysis was important to keep the PDEAEMA block insoluble and thus 
the integrity o f vesicles during the dialysis process. Finally, 10 mL of the vesicle solution 
was obtained at a concentration of 10 mg/mL.
To observe the release behavior of the dye in the presence of CO2 in the vesicle solution 
(2 mL, 10 mg/mL), the typical experiment conducted was as follows. 2 mL o f dye-loaded 
vesicle solution was sealed with a rubber stopper; then a certain amount o f C 0 2 was 
injected into the solution through a pressure-lock precision analytical syringe. The 
transmittance of the solution was monitored by recording the absorption spectra. When 
the transmittance became constant, the vesicle solution was transferred into a dialysis bag 
(MW cutoff: 3500) sitting on top of a cuvette and immersed in 10 mL deionized water 
(pH=8 .6 ). The increase in the amount o f dye released from the vesicles and diffusing into 
the solution underneath the dialysis bag was monitored from its fluorescence emission 
intensity at the 384 nm peak (A^ x = 354 nrn).
The accumulative amount of released dye was determined by using a calibration curve 
plotting the fluorescence intensity at 384 nm (/) as a function of dye concentration. To 
obtain the calibration curve, a series o f aqueous solutions of different dye concentrations 
(C: mg/mL) were prepared and their fluorescence emission spectra were recorded to
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measure the intensity o f the 384 nm peak (Figure S3). Linear curve fitting yields: /  = 
3.53192x106C+125.09636, with R2 = 0.99627. Afterwards, to obtain the amount o f dye 
loaded in the vesicle, a dye-loaded vesicle solution was completely dissociated by 
purging an excessive amount CO2 in the solution for long time, from the recorded 
fluorescence spectrum corresponding to 1 0 0 % release o f the dye, the concentration o f dye 
in the vesicle solution was calculated based on the calibration curve, This concentration 
was set as the reference to obtain the dye release percentage as shown in Figure 4. For the 
crosslinked vesicles, the above experiment was carried out before the crosslinking 
reaction. Moreover, knowing the amount o f dye in the vesicle solution and the amount o f 
dye used for preparing dye-loaded vesicles, the loading efficiency of the dye was found to 
be about 1 wt% for uncrosslinked PDMA-6 -PDEAEMA vesicles and 0.6 wt% for 
crosslinked PEO-i-P(DEAEMA-co-CMA) vesicles. These low loading efficiencies are 
due to the used diffusion-based loading method, with which most o f dye molecules 
remain in the exterior solution outside the vesicles.
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Figure S3. The calibration curve of fluorescence emission intensity at 384 nm vs. 
concentration of pyrene-1, 3, 6 , 8 -tetrasulfonic acid tetrasodium in aqueous solution.
7. pKa, pH and PDEAEMA Protonation of Vesicle Solutions in the Presence of CO2
1 6 3
For C0 2 -dissociable vesicles o f PDMA30-&-PDEAEMA400, pH measurements were 
carried out in order to determine the pKa of the PDEAEMA block inside the vesicles 
(using an ORION 8115BNUWP pH electrode with an Accumet AB15 pH-meter). 
Basically, pH of the vesicle solution was measured by titration with a hydrochloric 
solution at the concentration 0.05mol/L. After determining the equivalence, pH 
corresponding to the half of the equivalence was taken as the average pKa (assuming the 
solutions were ideal), yielding pKa ~ 8.1. The protonation degree of PDEAEMA 8 in the 
aqueous solution in response to CO2 was calculated based on the following equations:
Ka [PDEAEMA][H+]
[PDEAEMAH+] .................................
S  -  [PDEAEMAH+]
~ [PDEAEMA] + [PDEAEMAH+ ] ............
pH  = - \o g [H +]..................................................(3)
S = ------ 1—— ................................................... (4)
1 +  10
According to the pH change of the vesicle solution upon injection of different amounts of 
CO2, the protonation degree o f PDEAEMA changed from 24% (before CO2), to 33% (7 
mol% CO2 injection), 39% (9 mol%), 44% (13 mol%) and finally 50% (18 mol%) at 
which total dissolution of the vesicles was observed.
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Figure S4. Reversible changes in pH and the protonation degree o f DEAEMA groups of 
the cross-linked vesicle solution of PE0 4 5 -&-P(DEAEMAioo-co-CMA6) with 90%
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coumarin dimerization (2 mL, 1 mg/mL) following alternating bubbling of CO2 and Ar in 
the solution.
For the “breathing” vesicles o f PE0 4 5 -Z>-P(DEAEMAioo-co-CMA6), the reversible 
volume expansion and contraction was accompanied by a reversible change in pH and the 
protonantion degree of the amine groups. Figure S4 shows the result obtained with the 
vesicle solution at 90% dimerization of coumarin. After CO2 bubbling, pH o f the vesicle 
solution decreased from about 8.3 to 4.8; while after Ar bubbling, the initial higher pH 
was recovered. Using the same titration method, pKa o f the random copolymer block of 
P ( D E A E M A i o o - c o - C M A 6)  in the crosslinked vesicle solution was estimated to be about
6 .1 . As compared to the pKa in P D M A 3 0 - 6 - P D E A E M A 4 0 0 ,  this lower value is quite 
surprising and implies that the pKa is much affected by the actual microenvironment o f 
the tertiary amine groups. Based on this pKa, the reversible change in the protonation 
degree in response to alternating CO2 and Ar bubbling is also shown in Figure S4.
9. Photo-Crosslinking of Block Copolymer Vesicles
A vesicle solution of PE0 4 5 -6 -P(DEAEMAioo-co-CMA6) (1 mg/mL, 2 mL) was exposed 
to UV light for vesicle wall cross-linking. Figure S5 shows the absorption spectra o f the 
solution as a function of UV irradiation time. The continuous decrease o f the absorption 
peak at around 320 nm indicates a growing degree of coumarin dimerization.S5,S6 After 7 
min UV irradiation, the dimerization reaction was almost completed. In this study, three 
different dimerization degrees, corresponding to different vesicle wall cross-linking 
densities, were obtained by adjusting the UV irradiation time.
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Figure S5. UV-vis spectra of a PE0 4 5 -Z>-P(DEAEMAioo-co-CMA6) vesicle solution (1 
mg/mL, 2 mL) upon UV irradiation (320-500 nm, intensity: 500 mW/cm2).
10. Reversible Size Changes of Cross-linked Vesicles Triggered by CO2  and Ar
By controlling the dimerization degree o f coumarin groups in the vesicle wall, vesicles of 
PE0 4 5 -/>-P(DEAEMAioo-co-CMA6) with three cross-linking densities were obtained. The 
extent of their gas-controllable expansion and contraction (breathing) is determined by 
the cross-linking density. Lower cross-linking density resulted in larger volume change. 
This is shown by the DLS results in Figure S6 .
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Figure S6. DLS data showing the reversible size change of 
PE0 4 5 -6 -P(DEAEMAioo-co-CMA6) vesicles (2 mL, 1 mg/mL) with different dimerization 
degrees of coumarin groups upon CO2 and Ar bubbling in solution: (a) 30 %, (b) 60 % 
and (c) 90 %.
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5.3. Conclusions of the Project
We demonstrated a general and simple method to prepare C0 2 -responsive BCP vesicles 
by using PDEAEMA as a hydrophobic block. The obtained BCP vesicles showed good 
responsiveness to dissolved gas stimuli. They can be dissociated or undergo reversible 
swelling and contraction upon the modulation of CO2 concentrations depending on 
whether photocrosslinking was applied in BCP vesicle membranes. Without crosslinking, 
BCP vesicles display morphological changes that range from expansion to complete 
dissociation. With a small amount of crosslinking, they undergo a reversible swelling and 
contraction upon alternate CO2 and Argon bubbling in the BCP vesicle solution. These 
BCP vesicles were demonstrated to have potential for applications as a controllable drug 
delivery carrier.
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CHAPTER 6. DISCUSSION AND PERSPECTIVES
The research work presented in this thesis was focused on the design, synthesis and 
study of novel stimuli-responsive polymer materials as well as the exploration for their 
potential applications as drug delivery systems. The thesis mainly consists o f two parts. 
The first part deals with photoresponsive materials, while the second part concerns 
C0 2 -switchable polymers. Several projects on photoresponsive systems have been 
completed and led to the publication of four papers presented in Chapters 1 -4 o f the thesis. 
This part of research can be divided into two main topics. On the one hand, we 
investigated new BCP designs for efficient light-controllable BCP vesicles. These include 
kinetically-stabilized vesicles exhibiting fast photoinduced dissociation and vesicles 
displaying photoswitchable wall permeability due to a photo-softening effect. On the 
other hand, we developed a general approach using UCNPs that makes the activation of 
photosensitive polymers possible by excitation of continuous-wave NIR light from a 
diode laser instead of UV or visible light. The approach has been successfully applied to 
BCP micelles and polymer hydrogels, demonstrating NIR light-triggered release of 
payloads from these polymer carriers. The second part of the research, presented in 
Chapter 5, demonstrates the exploitation of a particular stimulus, dissolved CO2 , in 
developing smart polymer materials. By making use of C 0 2-switchable LCST and 
through rational BCP design, we showed how to manipulate the structural and 
morphological transition of BCP vesicles in aqueous solution by using CO2 .
6.1 General Discussion
6.1.1 Photoresponsive BCP vesicles
Photoresponsive BCP vesicles are of great interest for drug delivery applications on 
account o f the ability of remote activation as well as an enhanced spatial and temporal
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control over vesicle disruption and thus drug release. In our research, we tried to develop 
new means for preparing light-controllable BCP vesicles by addressing a couple of 
important issues. The established approach in the literature, mostly from the previous 
work in our laboratory (47,57,58,65,66.), relies on incorporating photochromic moieties 
in the hydrophobic block of an amphiphilic BCP whose photoreaction results in 
conversion of the hydrophobic block to a hydrophilic one. When this happens, vesicles 
become thermodynamically unstable and tend to disassemble. However, due to the long 
chain structure o f polymers (chain entanglement, low mobility and high cohesion energy), 
the disassembly process may be very slow. In the study presented in Chapter 1, we 
successfully demonstrated a new strategy. We designed and synthesized a novel 
amphiphilic BCP composed of a hydrophilic PEO block and a hydrophobic block of 
PMA modified with spiropyran groups. The idea is to control the preparation conditions 
to obtain vesicles that are thermodynamically unstable but kinetically stable for a long 
time (2-3 hr) due to a glassy vesicle wall that prevents water from entering. Upon light 
irradiation, neutral spiropyran isomerizes to charged merocyanine, which triggers the 
beginning of hydration of the vesicle wall and a cascade of events thereby ensues. 
Consequently, those vesicles can be dissociated quickly in less than 5 min. Compared to 
photoresponsive BCP vesicles in the literature (110), where often more than 1 hr o f UV 
irradiation is required to achieve vesicle dissociation, the fast photoresponsiveness o f our 
vesicles is impressive. Such kinetically stable vesicles can be used for light-triggered 
burst release of payloads.
Another issue in designing light-controllable BCP vesicles is the required amount o f 
photochromic moieties. Some concern exists as they can potentially cause toxicity while 
using these polymers for biological or biomedical applications. Therefore, it is of 
importance to develop design approaches that reduce the content of chromophores in 
BCPs. The use o f kinetically stabilized vesicles, as discussed above, is one way to do this 
because then, it only takes a small amount o f spiropyran side groups to optically trigger
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vesicle disassembly. In the study described in Chapter 2, we further investigated a 
different approach. We designed and prepared BCPs vesicle with membranes made from 
a liquid crystalline polymer (LCP) containing mesogenic biphenyl side groups with a 
small amount o f azobenzene as comonomer units. In this case, we explored the 
photoinduced liquid crystalline (LC) order to disorder phase transition known for LCPs in 
the solid state. Upon UV irradiation, the LC order-disorder transition of the mesogens 
present in the vesicle membrane was indeed observed as a result o f the trans-cis 
photoisomerization of azobenzene and the liquid crystal cooperative effect. This 
photoinduced order-disorder transition has a similar softening effect as that o f vesicle 
wall plasticization by a good solvent. With the help of a fluorescent pH probe, we showed 
that the vesicle wall permeability can be photo-controlled. This photoinduced softening 
effect on the vesicle wall increased the rate of proton diffusion from the vesicle interior to 
the outside. Because the photoinduced order-disorder transition inside the vesicle wall is 
reversible upon alternating UV and visible light irradiation, the photoinduced softening of 
the vesicle wall should also be reversible and can be used to reversibly control the 
membrane permeability. Unfortunately, we have not been able to explore this reversibility 
in our study mainly because the pH probe used is too sensitive to be exposed to UV light. 
The demonstration of the reversibility will be o f interest for future studies given proper 
pH probes are available.
These studies have contributed to our understanding o f how light-controllable BCP 
vesicles can be designed with the requirement of using a small amount o f chromophores. 
This is a significant advance. However, the photoreactions in the chromophores selected 
need to be activated by absorption of high-energy UV or visible light that not only is 
detrimental to healthy cells and tissue, but also cannot penetrate deep through the tissue. 
Therefore, developing NIR light-responsive BCP vesicles is o f great interest for enabling 
their biological and biomedical applications. This is what we tried to achieve in the 
second part of our research on photoresponsive vesicles.
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6.1.2 NIR Light Responsive Polymers Based on UCNPs.
Compared to high energy UV and visible light, biologists and biochemists prefer to use 
NIR light because the latter is safer and can have a much deeper penetration depth (on the 
order o f a few cm) through tissues due to its reduced scattering and absorption by water 
and endogenous dyes in tissues. A significant amount of effort has been devoted to 
investigating the possibility o f using NIR light as the excitation source for activating 
photoreactions in photosensitive materials. The most important contribution of the 
research accomplished in this thesis is the demonstration of using UCNPs loaded in 
photosensitive polymers as a general way to resolve the wavelength problem. The basic 
idea is to excite UCNPs by NIR light, and allow UV or visible light emitted from UCNPs 
to activate the photoreactions in polymers. UCNPs can absorb NIR light and emit 
higher-energy photons in the UV, visible and NIR spectral regions. Because the 
upconversion mechanism is based on a sequential multi-photon absorption involving 
discrete long-lived energy levels, the photoluminescence efficiency is much higher than 
the two-photon absorption; consequently, a continuous-wave NIR diode laser provides 
sufficient photon flux for UCNP excitation, in contrast with two-photon absorption 
requiring the use of high fluence intense femtosecond pulses. As reported in Chapters 3 
and 4, we demonstrated successful application o f this strategy to two different 
photoresponsive polymer systems: BCP micelles and polymer hydrogels. In both cases, 
by loading UCNPs in the polymer micelles or hydrogels containing photocleavable 
o-nitrobenzyl moieties, the nanoparticles can act as internal UV-vis light sources upon 
NIR excitation at 980 nm, resulting in photoinduced dissociation of the micelles and a 
gel-sol transition in the hydrogel, respectively. Using this novel methodology, NIR 
light-triggered release o f model drug compounds and large biomacromolecules (proteins 
and enzymes) has been achieved. Of the many factors that play a role in determining the 
efficacy of using this method, perhaps the most crucial is to have the absorption band of 
the chromophore overlapped by a strong emission band of the UCNPs. Under this
condition, photons o f the wavelength of interest emitted by UCNPs can be effectively 
absorbed by the photochromic moieties in the polymers. We expect this new solution to 
the “wavelength issue” to impact increasingly upon further research in the area. It is quite 
universal and can be applied to many photosensitive materials developed for biomedical 
applications but whose potential is limited by constraints imposed by requirements for 
using the excitation in the UV-vis ranges.
6.1.3 C 0 2-Switchable Block Copolymer Vesicles
Reported in Chapter 5 is the only study in this thesis that does not pertain to 
photoresponsive materials. The use of dissolved CO2 as a benign and convenient stimulus 
for smart materials has received growing interest and an increasing number o f reports on 
C0 2 -responsive polymers have appeared over the past two years (170-174). This is a new 
area in polymer science. In this project, we designed and synthesized amphiphilic BCPs 
containing PDEAEMA as the hydrophobic block to prepare CC^-responsive BCP vesicle. 
On the one hand, because PDEAEMA becomes totally soluble in water in the presence of 
dissolved CO2, the obtained BCP vesicles can be dissociated upon CO2 bubbling. On the 
other hand, by chemically crosslinking the vesicle wall that prevents the complete 
dissolution of the polymer chains, we observed the drastic and reversible expansion and 
contraction of the vesicles in response to alternating C 0 2 and Ar bubbling. In contrast 
with amidine-containing polymers (170) that can be hydrolytically unstable and whose 
synthesis is challenging, our use o f commercially available and robust polymers like 
PDEAEMA may boost the interest in developing C 0 2-responsive polymers and 
valorizing CO2 in polymer and materials chemistry. The project on BCP vesicles is one of 
a series of works undertaken by our research team that aim at exploiting possible 
applications of easily-accessible C0 2 -responsive polymers based on the CCVswitchable 
LCST approach (171), meaning CC>2-switchable polymer water solubility which can be 
tuned at a constant temperature and without having to resort to adding chemicals (acids,
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bases). Aside from this demonstration in vesicles, other polymer systems o f interest 
include core-shell micelles, chemically and physically cross-linked hydrogels (172), in 
situ recyclable gold nanoparticle catalyst (173) and polymer brush for protein capture and 
release (174).
6.2 Perspectives
6.2.1. NIR Light-Responsive BCP vesicles Combined with Other 
Stimuli-reactivity
Thanks to the effort over the last decade or so, extensive knowledge about the BCP 
design principles, the underlying mechanisms and the fabrication of photoresponsive 
BCP vesicles has been accumulated (175). However, as mentioned above, one big 
drawback that prevents these photoresponsive systems from being broadly used for 
biological and biomedical applications is the requirement for high-energy UV or visible 
light activation of these systems which not only is highly harmful to healthy tissues and 
cells but also has a rather limited penetration depth. As compared to UV or visible light, 
the use of NIR light excitation appeals to a much broader array o f biological applications. 
Although a significant amount of effort has been made in recent years to explore NIR 
light-responsive polymer materials, there are still only few reports on NIR-responsive 
polymer micelles (20, 58, 61, 67, 6 8 ) and, to the best o f our knowledge, none on BCP 
vesicles. Therefore, it is of fundamental interest to develop NIR light-responsive BCP 
vesicles. For the latter, relying on using the two-photon absorption by incorporating 
chromophores that have good two-photon absorption o f NIR light into BCP structures has 
rather limited perspectives. The problem with this approach is that these chromophores 
generally have a low two-photon absorption cross-section; consequently, the NIR light 
excitation efficiency is too low to yield potential in applications. To be used as a 
chromophore in BCP vesicle, this approach would require the necessity of using a
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femtosecond pulsed laser and a long exposure time to achieve the NIR light-induced 
disruption of BCP vesicle and the subsequent release o f the payload. Therefore, it is 
important to develop efficient NIR light-responsive BCP vesicles based on new strategies 
or methods. Our studies presented in this thesis offer fertile new avenues for future 
research on the topic.
Exploiting new strategies based on two-photon absorption, one possible future direction 
could be to develop a way that allows the effect o f  the photoreaction of a few  two-photon 
absorbing chromophores to be amplified leading to disassembly of BCP vesicles. 
Interestingly, the comonomer effect described in the study of CC>2-switchable BCP 
vesicles offers us a possible lead which is schematically illustrated in Figure 1. The idea
NIR light
LCST-1 LCST-2
u
NIR light
LCSTi T LCST2
NIR lightT> LCST-1
T< LCST-2
NIR -responsive chromophores
Figure 1. Schematic illustration of NIR light-induced BCP vesicle dissociation based 
on photo-triggered LCST shift as a result of polarity change induced by photoreaction 
of chromophore comonomer units.
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would be to combine the photoactivity and thermosensitivity in designing BCP vesicles.
Indeed, we could prepare an amphiphilic diblock copolymer o f which the hydrophobic 
block would be thermosensitive, displaying a LCST (denoted as LCST-1 in Fig.l), and 
contains NIR light-cleavable photochromic moieties as comonomer units. For example, a 
coumarin derivative such as [7-(diethylamino)coumarin-4-yl]methylacrylate (DEACM) 
could be used as the comonomer of PNIPAM. This BCP could be used to prepare vesicles 
at T>LCST-1. Upon irradiation with NIR light, the cleavage of even a minority o f 
chromophores could potentially increase the LCST to LCST-2 so that T<LCST-2 thereby 
yielding vesicle dissociation due to the increased solubility o f the initially hydrophobic 
block in water. In this mechanism, the NIR light-induced photoreaction of a small number 
of the chromophores could result in disassembly of BCP vesicles due to the coupling of 
photoactivity and thermosensitivity that amplifies the effect o f DEACM photocleavage. 
This design for NIR light-responsive BCP vesicles is worth investigation in future 
studies.
6.2.2. NIR Light-Triggered Dissociation of BCP Vesicles Using UCNPs
Our studies have revealed that using NIR light excitation of UCNPs is a very general 
method to manipulate photoresponsive polymer systems in which UV or visible light is 
needed. Incorporation of UCNPs into BCP vesicles provides another way to obtain NIR 
light-responsive BCP vesicles. As illustrated in Figure 2, the method validated by using 
BCP micelles and polymer hydrogels can be applied to BCP vesicles. In this case, the 
vesicle wall-forming hydrophobic block could be made to bear UV or visible 
light-cleavable photochromic moieties such as o-nitrobenzyl (ONB). Upon 
continuous-wave NIR laser excitation, UV light emitted by UCNPs can “execute” the 
photocleavage reaction and result in the dissociation of the vesicles.
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(a)
NIR (980nm )
(b)
NIR (980nm )
,  , ,  UV-vis
Figure 2. Schematic illustration of NIR light-induced dissociation o f UCNP-loaded 
BCP vesicles: (a) hydrophobic UCNPs loaded in BCP vesicle membranes and (b) 
hydrophilic UCNPs encapsulated inside the aqueous interior of BCP vesicles.
The challenging issue in preparing these BCP vesicles is the encapsulation o f UCNPs by 
BCP vesicles. In principle, UCNPs can be loaded either within the BCP vesicle 
membranes or in its aqueous interior. However, it may be difficult to load UCNPs (about 
30 nm in size) in relatively thin BCP vesicle membranes. To achieve this, BCP should be 
designed to have a long hydrophobic chain in order to form a thicker vesicle membrane. 
Compared to vesicle membrane, the aqueous interior o f vesicle can be easily tuned from 
several nanometers to several micrometers by adjusting the BCP composition and 
preparation conditions. There are many reports o f the use o f double-emulsion and 
microfluidic techniques to prepare BCP vesicles loaded with hydrophilic inorganic NPs 
including quantum dots and magnetic nanoparticles (176-179). Applying the same 
methods, UCNPs whose surface is functionalized with water-soluble ligands could 
readily be loaded inside BCP vesicles. With UCNPs loaded either within the membrane 
or the interior o f vesicles, UV or visible light emitted from UCNPs under NIR light laser
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irradiation can be used to activate the photoreaction o f the chromophores, thus resulting 
in BCP vesicle dissociation and concomitant release o f the payloads. Moreover, UCNPs 
have been intensively investigated for applications in fluorescence imaging and magnetic 
resonance imaging in vivo or in vitro (39, 40). Such NIR light-responsive BCP vesicles 
could thus be developed for NIR light-triggered simultaneous drug release and imaging.
6.2.3. C 0 2-responsive DNA/RNA Carriers for Genetic Therapy and 
Purification
DNA or RNA are very important prodrugs for gene therapy and are used to treat inherited 
or acquired genetic defects (180). A significant amount of effort has been devoted to 
exploring the proper use of these gene prodrugs (181). Due to their anionic nature, DNA 
and RNA cannot efficiently bypass negative cellular membrane potential and may 
furthermore undergo rapid enzymatic hydrolysis. This problem restricts their transfection 
efficiency. A method developed to resolve this problem consists in using a cationic 
polymer to complex with DNA/RNA through electrostatic interaction and form positively 
charged or neutral polyplex nanoparticles that can help translocation and improve their 
transfection efficiency. However, the majority o f cationic polymers used for this purpose 
are natural polymers such as dextran, chitosan and poly(i-Lysine) that possess permanent 
positive charges. It would be very appealing for controlled drug delivery if  cationic 
polymers used to form complexes with DNA/RNA could change their ionization state in 
response to a stimulus. Our studies show that PDEAEMA is one polymer that could 
display these properties. It can be changed from a neutral hydrophobic form to a cationic 
hydrophilic form upon C 0 2 bubbling. Meanwhile the degree o f ionization of PDEAEMA 
can be easily tuned by controlling the amount of C 0 2 dissolved into the aqueous solutions. 
This C 0 2-tunable degree of ionization of PDEAEMA lends itself to become a very good 
candidate for smart complexing agent for DNA or RNA. The resulting DNA/RNA 
polyplex carriers based on PDEAEMA not only could achieve the C 0 2-responsive
controlled release o f gene prodrug to treat some specific lung diseases which result in 
some symptoms related with elevated CO2 concentration (182) but also can precisely tune 
the loading and release amount o f DNA/RNA by adjusting the ionization degree of 
PDEAEMA.
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CONCLUSIONS
The research work presented in this thesis aimed at developing new polymer designs and 
new methodologies for the preparation and control o f stimuli-responsive polymers. Most 
of our effort has been dedicated to photoresponsive polymer systems including vesicles, 
micelles and hydrogels. The seemingly separate projects described in Chapters 1-4, had 
the same focus namely, addressing some unresolved fundamental issues on 
light-controllable polymer carriers for drug delivery. One issue is the presence of 
photoreactive moieties in polymer structures that is a source o f concern for toxicity in 
therapeutic applications. Through rational BCP design, our studies demonstrated two new 
approaches that make the use of a small amount o f chromophores possible to convey 
photoresponsive properties to BCP vesicles: kinetically stabilized vesicles and vesicles 
whose membrane undergoes photoinduced LC order-disorder transition. Another issue, 
even more critical for biological and biomedical applications, is the requirement o f using 
UV or visible light excitation to activate the photoreactions in most photoresponsive 
materials. Our most important contribution is the demonstration of a general, if not 
universal, method that can resolve this limitation. Using BCP micelles and polymer 
hydrogels as examples, our studies showed that one effective solution to this problem is 
to load UCNPs in the photosensitive materials. Upon excitation with 980 nm NIR light 
from a continuous-wave diode laser, UCNPs emit UV and visible light from within the 
material, encountering and being absorbed by photoreactive moieties and thus activating 
the photoreaction. In other words, UCNPs are used as an internal, nano-scaled UV and 
visible light source that triggers the photoreaction, while the excitation source is provided 
by comparatively much deeper penetrating NIR light. As many UCNPs have been shown 
to be non-toxic, the impact o f this approach is expected to rise as the importance of this 
methodology becomes increasingly recognized. Another interesting source o f external 
stimuli, presented in Chapter 5, is demonstrated using BCP vesicles whose structure and
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morphology in water can be manipulated by dissolved CO2 , a stimulus that remains 
largely unexploited in developing smart polymer materials. We showed that such BCP 
vesicles, considered as an “exotic” stimuli-responsive system not so long ago, can easily 
be prepared using commercially available polymers to prepare compounds that display a 
CC>2-switchable LCST. This study, along with others conducted by our group, contributed 
to spark more interest in the valorization o f dissolved CO2 as a new trigger for 
stimuli-responsive polymers. Given below is a recapitulation o f the main conclusions 
drawn from each project.
1) In Chapter 1, a new strategy for using light to trigger fast dissociation o f BCP vesicles 
is described. Since vesicles are prepared under conditions that allow them to have a 
glassy membrane, they can be kinetically stabilized in aqueous solutions for a long time. 
Upon UV light excitation, the isomerization of a small amount of photoreactive side 
groups from neutral spiropyran to charged merocyanine triggers a cascade o f events 
leading to fast dissociation of the vesicles. The idea of using thermodynamically unstable 
vesicles is the key novelty. Since vesicles are “keen” to dissociate, once the kinetic barrier 
is brought down, the disassembly is rapid.
2) In Chapter 2, the photoresponsiveness of BCP vesicles is demonstrated using a small 
amount of photoreactive moieties and is made possible by exploiting a peculiar 
phenomenon known for azobenzene-containing liquid crystalline polymers (LCPs). 
Through rational BCP design, the vesicle membrane is formed by a LCP bearing a small 
amount of azobenzene groups. Upon UV light irradiation, the trans-cis 
photoisomerization of azobenzene induces a LC order-disorder transition inside the 
membrane as a result of the LC cooperative effect. This photoinduced transition gives rise 
to a softening effect on the membrane similar to that resulting from good organic solvents, 
affecting the membrane permeability to proton diffusion.
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3) In Chapters 3 and 4, NIR light-triggered release o f payloads as a result of BCP 
micelles dissociation and gel-sol transition in polymer hydrogels, respectively, is 
observed. These two studies are based on the same strategy of loading UCNPs in 
photosensitive materials whose photoreactions require UV or visible light absorption by 
photoreactive moieties. Upon 980 nm NIR light excitation, UV light emitted from 
UCNPs can effectively be absorbed by o-nitrobenzyl moieties in the hydrophobic block 
forming the BCP micelle or included as part of the cross-linker in the hydrogel. We show 
NIR light-controlled release o f model drug compounds including proteins and enzymes. 
This method can virtually be applied to any kind of photosensitive materials developed 
for biomedical applications for which the requirement for UV or visible light excitation is 
the main hurdle that prevents the development o f a broad range o f applications.
4) In Chapter 5, a simple method for preparing CCVresponsive BCP vesicles from 
commercially available PDEAEMA is described. By using the thermosensitive 
PDEAEMA as the hydrophobic vesicle wall-forming block, we show two types o f control 
based on C0 2 -switchable LCST. Depending on whether PDEAEMA is cross-linked or not, 
dissolved CC^-induced complete dissociation or expansion/contraction of the vesicles can 
be achieved. With a small amount of cross-linking in the vesicle wall, this kind of 
polymer capsule can undergo a drastic volume expansion in aqueous solution, i.e., as 
large as 2 1 0 0 % in the presence of CO2 ; the transition is reversible as expanded vesicles 
are able to contract back to their initial volume upon removal of CO2 by bubbling with Ar. 
This study demonstrates an easy methodology to a wide range o f C0 2 -switchable 
polymers.
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